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Abbreviation 
 
Å = ångström 
Ac = acetyl 
APCI = atmospheric-pressure chemical ionization 
Ar = aryl 
ATR = attenuated total reflectance 
BINOL = 1,1’-bi-2,2’-naphthol 
Bn = benzyl 
Boc = t-butoxycarbonyl 
Bu = butyl 
°C = degrees Celsius 
Cat. = catalyst 
cat. = catalytic amount 
conv. = conversion 
CPA = chiral phosphoric acid 
DFT = density functional theory 
dppm = 1,1-Bis(diphenylphosphino)methane 
dr = diastereomeric ratio 
ee = enantiomeric excess 
eq, equiv = equivalent 
Et = ethyl 
ESI = electrospray ionization 
FAB = fast atom bombardment 
G = substituent(s) 
h = hour(s) 
HEH = hantzsch ester 
HPLC = high performance liquid chromatography 
HRMS = high-resolution mass spectrometry 
i = iso 
IR = infrared 
IPA = isopropanol 
LG = leaving group 
M = molar per liter 
M = metal 
Me = methyl 
min = minute(s) 
mol = mole 
MS = molecular sieves 
MsOH = methanesulfonic acid 
N = nitrogen 
n = normal 
Naph = naphthyl 
iii 
NMR = nuclear magnetic resonance 
ORTEP = Oak Ridge thermal-ellipsoid plot 
Ph = phenyl 
Pr = propyl 
R = organic group(s) 
rt = room temperature 
t = tertiary 
TBS = tert-butyldimethylsilyl 
Tf = trifluoromethanesulfonyl 
TfOH = trifluoromethanesulfonic acid 
TFA = trifluoroacetic acid 
THF = tetrahydrofuran 
TLC = thin layer chromatography 
TMS = trimethylsilyl 
Ts = p-toluenesulfonyl 
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Chapter 1. Introduction 
 
1. Chiral Phosphoric Acids as Organocatalyst 
Chiral compounds are extremely important not only in lives of plants and animals but also in 
pharmaceutical and agricultural chemical industries.  All proteins, nucleic acids, enzymes and 
most carbohydrates and hormones are chiral compounds.  In pharmaceutical industries, more 
than half of the drug molecules currently in use are chiral.  As different enantiomeric forms of 
chiral molecules sometimes exhibit remarkable different bio-activities, to selectively synthesize 
single enantiomer of chiral compounds are vitally important. 
Asymmetric catalysis using transition-metal catalysts with chiral ligand is one of the most 
successful methods and it’s widely applied nowadays.  However, this method results in the 
residue of heavy metal in the products.  Thus, the high-cost process of removing heavy metal 
residue from products is generally required.  Compared with transition-metal catalysis, 
organocatalysis avoided issue of heavy metal residue.  Moreover, organocatalysts are usually 
much more stable, easier to handle and recover.  And the reactions catalyzed by organocatalysts 
proceed in relatively mild condition.  So, from its emergence around 2000, organocatalysis has 
been developed explosively and it is still a rapid growing field today.
[1,2]
 
Among various kinds of organocatalysts, Brønsted acid catalyst especially chiral phosphoric 
acid (CPA) catalyst developed by Prof. Akiyama’s group and our group independently is one of 
the most representative and widely used catalysts.
[3]
  Phosphoric acids, with Brønsted acid and 
Brønsted basic phosphoryl oxygen at the same molecules, are possible to have hydrogen-bonding 
interaction with both electrophilic and nucleophilic conponents.  So it can be called as “dual 
function by monofunctional catalyst”.  C2-symmetrical axially chiral biaryl backbones, especially 
BINOL derivatives, were employed as chiral sources.  C2-symmetry is crucial because when the 
acidic hydrogen migrates to the other phosphoryl oxygen, the same catalyst generate.  
Introduction of substituents with different stereo and electronic effects to 3,3’-positions enable an 
easy modification of chiral environment for enantioselective transformations (Figure 1). 
 
Figure 1. BINOL-derived chiral phosphoric acids as chiral Brønsted acid catalysts. 
Based on this concept, Dr. Uraguchi in our group successfully developed the chiral phosphoric 
acid catalyst and applied it into a Mannich reaction between N-Boc-imine and acetylacetone 
(Scheme 1).
[4,5]
  When biphenyl derived substituent was introduced to 3,3’-positions, excellent 
enantiomeric excess was obtained.  A hydrogen-bonding network between chiral phosphoric acid 
catalyst and the two reaction components in the transition state of stereodetermining step was 
proposed. 
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Scheme 1. Chiral phosphoric acid-catalyzed enantioselective direct Mannich reactions. 
Almost at the same time, Prof. Akiyama and co-worker also independently reported a chiral 
phosphoric acid catalyzed enantioselective Mukaiyama type Mannich reaction (Scheme 2).
[6]
 
 
Scheme 2. Chiral phosphoric acid-catalyzed Mukaiyama-type Mannich reaction. 
 
2. Chiral Phosphate as Stereocontrolling Elements in Organocatalysis and 
Transition Metal Catalysis 
After these two landmarked reports, lots of chiral phosphoric acid-catalyzed reactions have 
been developed.  Meanwhile, the application of its conjugate base, chiral phosphate anion, as 
chiral source has emerged not only in organocatalysis but also in transition metal catalysis.  It has 
been demonstrated to be a powerful strategy to control the stereoselectivity of many cationic 
species.
[7]
 
For example, in 2008, Prof. List and co-workers reported an enantioselective epoxidation of 
enals catalyzed by achiral secondary ammonium salt of chiral phosphoric acid (Scheme 3).
[8]
  
The ion-pair of iminium and chiral phosphate was regarded as the key intermediate for highly 
enantioselective addition of 
t
BuOOH. 
 
Scheme 3. Chiral ammonium phosphate catalyzed enantioselective epoxidation of enals. 
In 2007, Prof. Toste and co-workers published a landmarked paper about asymmetric 
intramolecular cyclization reaction of allene derivatives by chiral gold phosphate catalyst 
(Scheme 4).
[9]
  The enantioselectivity decreased significantly when polar solvents were 
employed, which means the importance of an ion-pair in conveying chiral information. 
This is a very good example to show the advantages of chiral anion catalysis.  Due to the 
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linear coordination pattern of Au(I) complex, substrate always coordinates at the opposite side of 
ligand, thus make it difficult for stereocontrol by using conventional chiral ligand.
[10]
  However, 
counter anion is not restricted at the opposite side.  It interacts with the metal center via 
electrostatic force.  It may allow the counter anion to come to close proximity to the substrate, 
thus expecting a good stereocontrol. 
 
Scheme 4. Chiral gold phosphate catalyzed enantioselective cyclization. 
 
3. This Work 
In this work, we focused on the enantioselective transformation of two types of cation species, 
isobenzopyrylium and thionium. 
We used chiral silver phosphate to induce the intramolecular cyclization of ortho-alkynylaryl 
ketone to generate ion-pair of isobenzopyrylium and chiral phosphate.  Under the influence of 
chiral phosphate, isobenzopyrylium reacts with Hantzsch ester in enantioselective manner to 
afford isochromene products in high yield with good to excellent ee (Scheme 5). 
 
Scheme 5. Intramolecular cyclization/enantioselective reduction of ortho-alkynylaryl 
ketones. 
The reaction involving thionium ion that we focused on is 1,2-sulfur rearrangement of 
1,3-dithiane derivatives bearing a leaving group at the -position.  Considering the compatibility, 
the trichloroacetimidate group was selected as the leaving group.  Pyrrole and indole were 
selected as nucleophile.  As shown in Scheme 6, in the presence of chiral phosphoric acid 
catalyst, corresponding 1,4-dithiepane derivatives were obtained in good to excellent yield with 
moderate to excellent enantiomeric excess.  Mechanistic study proved that this reaction proceeds 
via an unexpected and unprecedented enantioselective 1,2-sulfur rearrangement/stereospecific 
nucleophilic addition sequence.  The fixed contact ion-pair of thionium and phosphate is the key 
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for stereospecific addition.  The mechanism is completely different from conventional 
expectation that 1,2-sulfur rearrangement is followed by a subsequent enantioselective 
nucleophilic addition under the influence of chiral phosphate anion.  In addition, we found that 
the nucleophile interact with phosphoric acid catalyst from the beginning instead of after the 
generation of reactive intermediate. 
 
Scheme 6. Enantioselective 1,2-sulfur rearrangement/stereospecific addition of 
1,3-dithiane derivatives. 
In this doctoral thesis, two new enantioselective transformations were developed using chiral 
phosphate anion as the key stereocontrolling element.  It expanded the scope of cationic species 
being utilized in asymmetric catalysis.  More importantly, our thorough mechanistic studies led 
us much closer to the essence of stereocontrol by ion-pair.  The detail of our study is shown in 
the following chapters. 
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Chapter 2. Chiral Silver Phosphate Catalyzed 
Transformation of ortho-Alkynylaryl Ketones into 
1H-Isochromene Derivatives through an Intramolecular 
Cyclization/Enantioselective Reduction Sequence 
 
1. Background: Benzopyryliums and Isobenzopyryliums 
Benzopyryliums and isobenzopyrylium ions are stable oxonium cations due to their aromaticity 
of 10-π electron system (Scheme 1).  In general, these cationic species have been generated in 
situ via various methods for further manipulation, although the corresponding salts can be isolated 
as air stable solids with less nucleophilic anions, such as BF4
-
, and are utilized both for the 
characterization of these distinctive species and in electrophilic transformations.
[1-5]
  Their high 
and unique reactivity has attracted great attention during the past decade, because these oxonium 
species undergo a diverse array of transformations, including Diels-Alder reactions, nucleophilic 
additions, etc.,
[2-4]
 and can be applied to the synthesis of natural products and biologically relevant 
molecules.
[5]
  However, catalytic enantioselective reactions of the isobenzopyrylium ions remain 
largely unexploited despite their unique reactivity and synthetic utility, presumably due to the 
planar structure of the isobenzopyrylium ion, which lacks apparent coordination sites that can 
interact with chiral metal catalysts or organocatalysts.
[6,7]
  Indeed, successful examples are quite 
limited and have been accomplished using metal catalysts with electronically neutral chiral 
ligand(s).
[6]
  Hence, the development of enantioselective transformations involving the 
isobenzopyrylium ion as a reactive intermediate is still a challenging topic in synthetic organic 
chemistry.
[8,9]
  In order to develop such a catalytic enantioselective transformation, we took 
advantage of the chemical properties of the isobenzopyrylium ion; notably, the formation of ion 
pair salts between the isobenzopyrylium and less nucleophilic counter anions.  In principle, it can 
be considered that the use of a chiral counteranion should enable reaction in an enantioselective 
fashion.
[9] 
 
Scheme 1. Benzopyrylium and isobenzopyrylium cations. 
Chiral counteranion-induced enantioselective transformation in metal-catalyzed reaction has 
emerged as a powerful and attractive tool in asymmetric synthesis in recent years due to its 
distinct advantages over conventional methods that rely on metal complexes coupled with 
electronically neutral chiral ligand(s).
[10]
  It offers another approach to the enantioselective 
reaction of isobenzopyrylium ions with controlled stereochemical outcomes.
[8a,9]
  In this context, 
we envisioned an chiral anion controlled enantioselective consecutive transformation in which the 
key intermediate, the isobenzopyrylium ion, is generated in situ through metal complex-catalyzed 
intramolecular cyclization of ortho-alkynylaryl ketones 2.  The proposed sequence involves a 
two-step transformation (Scheme 2): (i) intramolecular cyclization of 2 catalyzed by a -Lewis 
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acidic metal complex with BINOL-derived phosphate 1
-
 as the chiral counteranion
[11]
 to generate 
an ion pair comprised of the isobenzopyrylium intermediate A and chiral phosphate 1
-
, and (ii) 
enantioselective reduction of this key intermediate A using a Hantzsch ester 3
[12]
 to afford the final 
product 4 in an enantioselective manner under the influence of 1
-
. 
 
Scheme 2. Enantioselective consecutive transformation involving isobenzopyrylium 
intermediate. 
 
2. Experimental Results 
2-1. Initial Study of Transition Metal Catalysts 
As initial study, ortho-alkynylarylketone 2a was chosen as standard substrate and reactions 
were performed with 10 mol% of transition metal catalysts, 1.1 equivalent of Hantszch ester 3a in 
THF solvent at room temperature.  Several representative π-Lewis acidic transition metal 
complexes were used as the catalysts.  As shown in Table 1, it is noteworthy that reactivity and 
chemoselectivity are highly dependent on the metal catalysts employed.  Ag(I) and Cu(II) 
catalysts gave the desired 6-endo cyclization product 4a exclusively in excellent yield (Table 1, 
entry 1,2).  In contrast, Pt and Au catalysts showed low chemoselectivity: not only the desired 
6-endo product 4a, but also 5-exo product 5a were obtained (Table 1, entry 3-6).  To verify the 
participation of the -Lewis acidic metal species in this reaction, trifluoromethanesulfonic acid 
(TfOH) was employed as a metal-free Brøsted acid catalyst (Table 1, entry 7).  As expected, this 
strong Brøsted acid did not afford any product, and the starting material 2a was almost completely 
recovered.  As the catalyst AgOTf exhibited exclusive formation of the 6-endo product 4a and 
higher reactivity than Cu(OTf)2, Ag(I) was chosen as the metal species for further studies on an 
enantioselective variant of the present sequential transformation. 
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Table 1. Initial screening of transition metal catalysts.
[a] 
 
Entry Catalyst Time (h) 
Conv. 
of 2a (%)
[b] 
Yield 
of 4a (%)
[b] 
Yield 
of 5a (%)
[b] 
1 AgOTf 3 100 96 - 
2 Cu(OTf)2 24 96 96 - 
3 PtCl2 24 35 18 5 
4 AuCl3 1 100 38 50 
5 AuCl / AgOTf 24 Trace - - 
6 AuCl(PPh3) / AgOTf 1 100 24 58 
7 TfOH 24 Trace - - 
[a] Unless otherwise noted, all reactions were carried out using 0.02 mmol of transition metal catalyst (10 mol%), 0.2 mmol of 2a, 
0.22 mmol of 3a (1.1 equiv) in THF (1 mL) solvent.  To the mixture of transition metal catalyst and 3a in THF, was added 2a by 
syringe.  Reaction was monitored by TLC analysis.  [b] Determined by crude 1H-NMR. 
 
2-2. Optimization of Reaction Condition 
After initial study of transition metals, we tried this reaction with chiral silver phosphate 
generated in situ from Ag2CO3 and chiral phosphoric acid (R)-1a.  Reaction proceeded smoothly 
and gave the desired product in 90% yield with 39% ee (Table 2, entry 1).  Screening of reaction 
solvent (entry 1-6) showed THF, which is basic and polar solvent, gave the best results with 
respect to both chemical yield and enantioselectivity (entry 1).  So THF was selected as the 
optimized reaction solvent for further screening. 
Substituents on Hantzsch ester also had influence on chemical outcomes (Table 2, entry 7-9).  
Either small methyl (3b) or bulky t-butyl (3c) and benzyl (3d) gave lower enantioselectivity.  The 
bulky substituent reduced the reactivity, giving the desired product 4a in relatively low chemical 
yield. 
Further investigations were continued by modification of substituent at the 3, 3’ positions of 
binaphthol-derived phosphoric acid to improve the catalytic efficiency, especially for the 
enantioselectivities.  Among the substituents tested, pentafluorophenyl substituted chiral silver 
phosphate was found to provide the highest chemical yield and also highest enantiomeric excess 
(Table 3, 1e). 
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Table 2. Screening of solvents and Hantzsch esters.
[a] 
 
Entry Solvent 3 Time (h) Yield (%)
[b]
 ee (%)
[c]
 
1 THF 3a 23 90 39 
2 EtOAc 3a 33 86 39 
3 Et2O 3a 27 37 (90) 31 
4 CH2Cl2 3a 23 62 44 
5 Toluene 3a 18 84 12 
6 MeCN 3a 27 78 (84) 23 
7 THF 3b 22 89 37 
8 THF 3c 26 66 (73) 34 
9 THF 3d 26 86 28 
[a] Unless otherwise noted, all reactions were carried out using 0.01 mmol of Ag2CO3 (5 mol%), 0.02 mmol of (R)-1a (10 mol%), 
0.2 mmol of 2a, 0.22 mmol of 3 (1.1 equiv) in 1 mL solvent.  After vigorous stirring of Ag2CO3, (R)-1a and 3 in solvent for 10 
min, 2a was added by syringe.  Reaction was monitored by TLC analysis.  [b] Isolated yield of 4a. Yield based on recovered 
starting material (brsm) are in parentheses.  [c] Enantiomeric excess of 4a was determined by chiral stationary phase HPLC 
analysis. 
 
Table 3. Screening of binaphthol derived chiral phosphate acids.
[a] 
 
[a] Unless otherwise noted, all reactions were carried out using 0.01 mmol of Ag2CO3 (5 mol%), 0.02 mmol of (R)-1 (10 
mol%), 0.2 mmol of 2a, 0.22 mmol of 3a (1.1 equiv) in THF (1 mL) solvent.  After vigorous stirring of Ag2CO3, (R)-1 and 
3a in THF for 10 min, 2a was added by syringe.  Reaction was monitored by TLC analysis.  [b] Isolated yield of 4a.  [c] 
Enantiomeric excess of 4a was determined by chiral stationary phase HPLC analysis.  [d] Prepared chiral silver phosphate 
was used. 
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As the chiral silver phosphates employed were generated in situ from Ag2CO3 and chiral 
phosphoric acids.  There should be inevitable errors when these two compounds were weighed 
on balance.  Thus the ratio of Ag2CO3 and chiral phosphoric acid may not be exact 1:2.  In 
addition, it could be considered that chiral silver phosphate would not form completely from these 
two reagents.  Therefore the influence of the sole use of Ag2CO3 or chiral phosphoric acid was 
investigated.  The results of the controlling experiments were showed in Table 4.  The reaction 
didn’t proceed at all in the presence of Ag2CO3 or chiral phosphoric acid alone (Table 4, entry 
1-2).  It can be considered that a little change in the ratio of Ag2CO3 and chiral phosphoric acid 
results in almost no detrimental effect on the chemical outcomes (entry 3-5).  These 
experimental results suggest that in situ generation of chiral silver phosphate is a reliable method.  
However, when pre-prepared chiral silver phosphate Ag[(R)-1e] was used, it gave higher 
enantioselectivity and better reproducibility (entry 6).
[13]
  When MS 5A was used as additive, 
even higher enantiomeric excess was obtained (entry 7). 
 
Table 4. Check of background reaction and additive effect.
[a] 
 
Entry 
Ag2CO3 
(mol%) 
(R)-1e 
(mol%) 
Ag[(R)-1e] 
(mol%) 
Time (h) Yield (%)
[b] 
ee (%)
[c]
 
1 5 - - 24 Trace - 
2 - 10 - 24 - - 
3 5 10 - 5 94 83 
4 10 10 - 3 91 83 
5 5 15 - 5 89 81 
6 - - 10 4 94 85 
7
[d] 
- - 10 6 95 87 
[a] Unless otherwise noted, all reactions were carried out using 0.2 mmol of 2a, 0.22 mmol of 3a (1.1 equiv) in THF (1 mL) 
solvent.  Reaction was monitored by TLC analysis.  [b] Isolated yield of 4a.  [c] Enantiomeric excess of 4a was determined 
by chiral stationary phase HPLC analysis.  [d] With MS 5A (100 mg) as additive. 
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2-3. Substrate Scope 
Table 5. Scope of the chiral silver phosphate catalyzed transformation of 2 into 4.
[a]
 
 
Entry 2 (R
1
, R
2
, R
3
) t (h) 4 Yield (%)
[b] 
ee (%)
[c]
 
1 2b (Me, 4-MeC6H4-, H) 11 4b 98 81 
2 2c (Me, 4-CF3C6H4-, H) 10 4c 87 67 
3 2d (Me, 4-MeOC6H4-, H) 5 4d 92 80 
4 2e (nPr, Ph, H) 9 4e 95 81 
5 2f (iBu, Ph, H) 6 4f 89 82 
6 2g (Me, Ph, F) 6 4g 89 87 
7 2h (Me, nBu, H) 2 4h 89 22 
8 2i (Ph, Ph, H) 24 4i 85 92 
9 2j (4-MeOC6H4-, Ph, H) 26 4j 81 90 
10 2k (4-BrC6H4-, Ph, H) 26 4k 81 91
[d]
 
11 2i (4-CF3C6H4-, Ph, H) 30 4l 84 91 
12 2m (3-MeOC6H4-, Ph, H) 29 4m 81 91 
13 2n (2-TBSOC6H4-, Ph, H) 24 4n 90 88 
14 2o (Ph, Ph, F) 28 4o 68 90 
15 2p (Ph, nBu, H) 8 4p 86 49 
[a] Reactions were carried out with Ag[(R)-1e] (0.015 mmol, 10 mol%), 2 (0.15 mmol), and 3 (0.165 mmol, 1.1 equiv). For 2b-h, 
reactions were carried out with 3a (R = Et) in THF (0.75 mL) in the presence of MS 5A (75 mg). For 2i-p, reactions were carried 
out with 3b (R = Me) in EtOAc (0.75 mL) in the absence of MS.  [b] Isolated yield of 4.  [c] Enantiomeric excess of 4 was 
determined by chiral stationary phase HPLC analysis.  [d] The absolute configuration of 4k was determined to be S by X-ray 
crystallographic analysis.[14] See the Supporting Information for details. 
 
The scope of the reaction was then investigated with a range of alkynylaryl ketones 2 under the 
optimized reaction conditions.  A broad range of alkynylaryl ketones are applicable to the present 
sequential transformation, although reactivity and enantioselectivity are highly dependent on the 
nature of the substituents (Table 5).  When alkyl and aryl groups were introduced at the R
1
 and 
R
2
 positions respectively (Table 5, entries 1-6), these substrates exhibited relatively high 
reactivity and afforded isochromene derivatives 4 in high yields.  However, in terms of the 
enantioselectivity, the introduction of a para substituent on the aromatic group at the R
2
 position 
(substrates 2b-d) led to a slight decrease in enantioselectivity as compared to that observed with 
the primary substrate 2a (R
2
 = Ph).  Substrates bearing linear or branched alkyl chains at the R
1 
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position (2e and 2f, respectively) also underwent the reaction with a slight reduction in 
enantioselectivity, whereas fluoro substitution on the tethering benzene ring (2g) did not 
compromise the stereochemical outcome.  However, the introduction of an alkyl substituent at 
the R
2
 position led to a considerable decrease in enantioselectivity (Table 5, entry 7).  The 
reactions of substrates 2i-o bearing aromatic substituents at the R
1
 position and a phenyl group at 
the R
2
 position were very sluggish under the optimized conditions and proceeded in low chemical 
yields, although the ee values of the products were around 90%.  To our delight, however, these 
substrates were smoothly converted under modified reaction conditions [with 3b (R=Me) in ethyl 
acetate instead of THF and in the absence of MS 5A] to give the corresponding isochromene 
products 4i-n in good yields with high enantioselectivity (Table 5, entries 8-13).  A variety of 
aryl groups at the R
1
 position were tolerated in this reaction (substrates 2j-n; Table 5, entries 
9-13).  Even with a bulky tert-butyldimethylsilyloxy (OTBS) substituent in the ortho position, 
the corresponding product 4n was obtained in 90% yield with 88%ee (Table 5, entry 13).  The 
introduction of a fluoro substituent on the tethering benzene ring of a diarylsubstituted ketone 
(substrate 2o) did, however, result in a slight decrease in chemical yield, but with little detrimental 
effect on the enantioselectivity (Table 5, entry 14).  However, when an alkyl substituent was 
introduced at the R
2
 position, a considerable reduction in enantioselectivity was observed (Table 5, 
entry 15). 
 
2-4. Derivatization of Product 
The synthetic utility of the present method was then demonstrated (Scheme 3). 
1-Allyl-1H-isochromenes like 4o were commonly utilized as key intermediates to synthesize 
9-Oxabicyclo[3.3.1]nona-2,6-diene framework
[15]
, and this tricyclic ring structure have been found 
in some bioactive molecules.
[16]
  We thus attempted to construct a fundamental structure of these 
compounds in an optically active form by utilizing our methodology followed by an acid catalyzed 
annulation reaction.  2q was subjected to the optimized reaction conditions and 1H-isochromene 
product 4q was obtained in 84% ee.  In the presence of p-TsOH·H2O (5 mol%), 4q was then 
converted into the desired bicyclic product 6a and the regioisomer 6b in moderate overall yield for 
the two steps.  During the course of the acid-catalyzed annulation, no loss of enantiomeric purity 
was observed. 
 
Scheme 3. Derivatization of reaction product. 
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2-5. Mechanistic Study 
From the mechanistic viewpoint, it can be considered that there are two possible reaction 
pathways.  One is just as proposed at the beginning of this chapter: it proceeds through an 
intramolecular cyclization followed by an enantioselective reduction of isobenzopyrylium as the 
reactive intermediate (Scheme 4, Pathway A).  However, it is considered that the same product 
would also be obtained via a reverse reaction order: reduction to alcohol first and then cyclization 
(Scheme 4, Pathway B).
[17]
  In order to verify the sequence of cyclization and reduction, we 
conducted a control experiment using alcohol 7a as a substrate (Scheme 5, a).  7a was subjected 
to the catalytic reaction: 10 mol% of Ag[(R)-1e] without Hantzsch ester.  7a underwent the 
reaction in very low conversion even after 4 hours and 5-exo cyclized product 5a was obtained in 
10% yield and almost no desired 6-endo cyclized product 4a was observed.  The observed result 
is contrast to that of the present reaction using the standard substrate 2a which gave the 6-endo 
cyclized product 4a exclusively in excellent yield within 3 hours in the presence of Hantzsch ester 
(Table 4, entry 6).  These results strongly suggest that alcohol 7a is not involved as the 
intermediate in this reaction.  When the 4,4-dideuterium-substituted Hantzsch ester 3e was 
employed, deuterium was introduced at the C1 position exclusively (Scheme 5, b). This result 
strongly suggests that the reaction proceeded through the formation of an isobenzopyrylium ion as 
the reactive intermediate (Scheme 4, Pathway A). 
 
Scheme 4. Reaction pathways. 
 
Scheme 5. Mechanistic study- control experiment. 
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The proposed reaction mechanism is shown in Scheme 6.  The reaction is initiated from the 
coordination of silver catalyst Ag[(R)-1] to C-C triple bond of substrate 2, which induces the 
intramolecular nucleophilic attack of carbonyl oxygen and generates the ion pair of 
isobenzopyrylium and chiral phosphate.  Then enantioselective reduction by Hantzsch ester 3 
followed by the metal-proton exchange regenerates the catalytic species and releases the product 
4.
[18]
 
 
Scheme 6. Proposed reaction mechanism. 
 
3. Summary 
In conclusion, we have successfully developed a cyclization/enantioselective-reduction 
sequence for the transformation of ortho-alkynylaryl ketones under the catalysis of a chiral silver 
phosphate complex to afford 1H-isochromene derivatives in high yields with fairly good to high 
enantioselectivity.  A mechanistic study strongly suggested that an isobenzopyrylium cation is 
involved as the key intermediate in this transformation.  We also demonstrated the utility of this 
methodology for the asymmetric synthesis of the 9-oxabicyclo[3.3.1]nona-2,6-diene framework, 
which has been found in some biologically active molecules. 
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isobenzopyrylium ion.  However, during the reduction step, the actual structure of the 
cationic species has not been confirmed yet.  Before enantioselective reduction, an 
exchange from silver to the hydrogen would also be possible, and the silver metal would 
then not be involved in the stereo-determining step.  It should be noted that we also 
conducted the reaction using Cu[(R)-1e]2 as the chiral catalyst, and product 4a was 
obtained with 86% ee, albeit in moderate yield.  This enantioselectivity is nearly equal to 
that obtained via Ag[(R)-1e] catalysis (Table 4, entry 6: 85% ee).  These results imply that 
the metal species may not participate in the enantioselective reduction step. 
Chapter 2. Chiral Silver phosphate Catalyzed Transformation of ortho-Alkynylaryl Ketones into 1H-Isochromene Derivatives 
through an Intramolecular Cyclization/Enantioselective Reduction Sequence 
18 
4. Experimental Section 
 
Content: 
1. General Information. 
2. Preparation of ortho-alkynylarylketone 2. 
3. Preparation of silver phosphate and copper phosphate catalysts. 
4. Chiral silver phosphate catalyzed cyclization and enantioselective reduction. 
5. Derivatization – acid catalyzed annulation reaction. 
6. Reaction using 4,4-dideuterium substituted Hantszch ester. 
7. Determination of absolute configuration. 
8. 1H and 13C NMR spectra, HPLC charts. 
 
1. General Information. 
Infrared spectra were recorded on a Jasco FT/IR-4100 spectrometer.  1H NMR spectra were recorded on 
JEOL ECS-400 (399.8 MHz), JEOL ECA-600 (600.2 MHz) and JEOL ECA-700 (700.1 MHz) spectrometer.  
Chemical shifts are reported in ppm from tetramethylsilane (TMS) or solvent resonance as the internal standard 
(CDCl3: referenced to TMS, C6D6: 7.16 ppm).  Data are reported as follows: chemical shift, multiplicity (s = 
singlet, brs = broad singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, td = triplet 
of doublets, ddd = doublet of doublet of doublets) coupling constants (Hz), and integration.  13C NMR spectra 
were recorded on JEOL ECS-400 (100.5 MHz), JEOL ECA-600 (150.9 MHz) and JEOL ECA-700 (176.0 MHz) 
spectrometer with complete proton decoupling.  Chemical shifts are reported in ppm from the solvent resonance 
as the internal standard (CDCl3: 77.0 ppm, C6D6: 128.0 ppm).  
19F NMR and 31P NMR spectra were recorded on 
JEOL ECA-600 (564.7 MHz for 19F, 243.0 MHz for 31P) spectrometer.  Analytical thin layer chromatography 
(TLC) was performed on Merck precoated TLC plates (silica gel 60 GF254, 0.25 mm).  Flash column 
chromatography was performed on silica gel 60 N (Merck 40-63 m or Kanto 40-50 m).  Optically rotations 
were measured on a Jasco P-1020 digital polarimeter with a sodium lamp and reported as follows; [] T ºC D (c = 
g/100 mL, solvent).  Mass spectra analysis was performed on a Bruker Daltonics solariX 9.4T spectrometer at the 
Research and Analytical Center for Giant Molecules, Graduate School of Science, Tohoku University.  X-ray 
crystallography analysis was carried out using a Bruker APEXII CCD diffractometer in IWAMOTO Laboratory, 
Department of Chemistry, Graduate School of Science, Tohoku University. 
Unless otherwise noted, all reactions were carried out under argon or nitrogen atmosphere in dried glassware.  
All substrates were purified by column chromatography to use.  Dichloromethane (CH2Cl2), diethyl ether (Et2O), 
Toluene and tetrahydrofuran (THF) were supplied from Kanto Chemical Co., Inc. as “Dehydrated solvent system”.  
Other solvents were purchased from Wako Pure Chemical Industries, Ltd. as “Super dehydrated solvent” and used 
under nitrogen or argon atmosphere.  Reagents were purchased from commercial suppliers and used without 
further purification.  The other simple chemicals were used as such. 
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2. Preparation of ortho-alkynylarylketone 2.
[1]
 
Preparation of 2e, 2f, 2j, 2k, 2m: 
 
Representative Procedure:  To a stirred solution of 1-bromo-2-(phenylethynyl)benzene[2] (378.7 mg, 1.47 mmol) 
in THF (4 mL) was added dropwise a 1.62 mol/L solution of n-BuLi in hexane (0.91 mL, 1.47 mmol) at -78 °C.  
After stirring for 30 min at -78 °C, solution of 4-bromo-N-methoxy-N-methylbenzamide[3] (366.0 mg, 1.50 mmol) 
in THF (1 mL) was added.  The mixture was stirred for 1 h at -78 °C, and then quenched by saturated aqueous 
NH4Cl and extracted with Et2O.  The combined organic layers were washed with brine, dried over Na2SO4, 
filtered, and concentrated.  After purification by flash column chromatography on silica gel (Kanto 40-50 m, 
Hexane/EtOAc = 20/1-5/1 as eluent), compound 2k (501.3 mg, 1.39 mmol) was obtained in 94% yield as a white 
solid. 
 
2k: 94% yield.  White solid.  Rf = 0.35 (Hexane/EtOAc = 10/1). 
1H NMR (600 MHz, CDCl3) δ 7.76-7.72 (m, 2H), 7.63-7.59 (m, 3H), 7.54-7.49 (m, 2H), 7.45 
(td, J = 7.2, 1.8 Hz, 1H), 7.27-7.21 (m, 3H), 7.07-7.04 (m, 2H). 
13C NMR (150 MHz, CDCl3) δ 196.0, 140.9, 136.2, 132.7, 131.68, 131.66, 131.3, 130.6, 128.7, 
128.6, 128.4, 128.3, 128.2, 122.4, 121.8, 95.5, 87.3. 
IR (ATR): 3060, 2217, 1665, 1585, 1492, 1442, 1395, 1305, 1289, 1176, 1151, 1068, 1011, 928, 
839 cm-1. 
HRMS (ESI) Calcd for C21H13BrNaO ([M + Na]
+) 383.0042, Found 385.0041. 
 
2j: 96% yield.  White solid.  Rf = 0.35 (Hexane/EtOAc = 4/1).
 
1H NMR (400 MHz, CDCl3) δ 7.89-7.84 (m, 2H), 7.62-7.58 (m, 1H), 7.51-7.39 (m, 3H), 
7.27-7.17 (m, 3H), 7.17-7.07 (m, 2H), 6.96-6.92 (m, 2H), 3.85 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ 195.6, 163.7, 142.1, 132.6, 132.4, 131.4, 130.3, 129.9, 128.3, 
128.2, 128.12, 128.06, 122.7, 121.6, 113.6, 94.7, 87.5, 55.5. 
IR (ATR): 3060, 3019, 2965, 2934, 2839, 2218, 1656, 1597, 1508, 1493, 1442, 1292, 1257, 
1177, 1149, 1027, 930, 843 cm-1. 
HRMS (ESI) Calcd for C22H16NaO2 ([M + Na]
+) 335.1043, Found 335.1042. 
  
                                                   
[1] 2a-d were synthesized according to: a) N. Chernyak, S. I. Gorelsky, V. Gevorgyan, Angew. Chem. Int. Ed. 2011, 50, 2342-2345;  2h 
was synthesized according to: b) R. Yanada, K. Hashimoto, R. Tokizane, Y. Miwa, H. Minami, K. Yanada, M. Ishikura, Y. Takemoto, J. 
Org. Chem. 2008, 73, 5135-5138;  2i and 2l were synthesized according to: c) N. Asao, K. Sato, Org. Lett. 2006, 8, 5361-5363;  2p was 
synthesized according to: d) J. D. Tovar, T. M. Swager, J. Org. Chem. 1999, 64, 6499-6504. 
[2] M. Kuhn, F. C. Falk, J. Paradies, Org. Lett. 2011, 13, 4100-4103. 
[3] All the Weinreb amides are known compounds and synthesized from N,O-dimethylhydroxylamine hydrochloride and corresponding 
acid chloride. 
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2m: 82% yield.  Colorless oil.  Rf = 0.30 (Hexane/EtOAc = 10/1). 
1H NMR (600 MHz, CDCl3) δ 7.61 (d, J = 7.8 Hz, 1H), 7.53-7.45 (m, 3H), 7.43 (td, J = 7.2, 
1.2 Hz, 1H), 7.38 (dt, J = 7.6, 1.3, 1H), 7.35 (t, J = 7.8, 1H), 7.26-7.19 (m, 3H), 7.14-7.09 (m, 
3H), 3.83 (s, 3H). 
13C NMR (150 MHz, CDCl3) δ 196.8, 159.7, 141.6, 138.7, 132.5, 131.4, 130.2, 129.3, 128.5, 
128.4, 128.07, 128.05, 123.4, 122.6, 121.8, 119.8, 113.8, 94.9, 87.4, 55.5. 
IR (ATR): 3060, 2960, 2939, 2835, 2218, 1664, 1595, 1580, 1492, 1429, 1289, 1258, 1228, 
1138, 1045, 967, 819 cm-1. 
HRMS (ESI) Calcd for C22H16NaO2 ([M + Na]
+) 335.1043, Found 335.1042. 
 
2e: 59% yield.  Colorless oil.  Rf = 0.40 (Hexane/EtOAc = 10/1). 
1H NMR (400 MHz, CDCl3) δ 7.65 (dd, J = 7.7, 1.5 Hz, 1H), 7.61 (dd, J = 7.5, 1.3 Hz, 1H), 
7.56-7.50 (m, 2H), 7.45 (td, J = 7.5, 1.5 Hz, 1H), 7.41-7.33 (m, 4H), 3.13 (t, J = 7.4 Hz, 2H), 
1.78 (sextet, J = 7.4 Hz, 2H), 0.99 (t, J = 7.4 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 203.6, 141.5, 133.7, 131.5, 130.7, 128.7, 128.4, 128.3, 128.1, 
122.9, 121.1, 94.4, 88.2, 44.0, 17.9, 13.9. 
IR (ATR): 3060, 2962, 2932, 2873, 2215, 1682, 1591, 1561, 1493, 1464, 1442, 1401, 1361, 1280, 1204, 1069, 986, 
898 cm-1. 
HRMS (ESI) Calcd for C18H16NaO ([M + Na]
+) 271.1093, Found 271.1093. 
 
2f: 68% yield.  Colorless oil.  Rf = 0.35 (Hexane/EtOAc = 10/1). 
1H NMR (400 MHz, CDCl3) δ 7.62 (td, J = 8.0, 1.2 Hz, 2H), 7.56-7.50 (m, 2H), 7.44 (td, J = 
7.6, 1.6 Hz, 1H), 7.41-7.33 (m, 4H), 3.04 (d, J = 6.8 Hz, 2H), 2.29 (nonet, J = 6.8 Hz, 1H), 0.99 
(d, J = 6.8 Hz, 6H). 
13C NMR (100 MHz, CDCl3) δ 203.5, 141.7, 133.7, 131.5, 130.7, 128.6, 128.4, 128.2, 128.0, 
122.9, 121.0, 94.2, 88.2, 51.1, 25.2, 22.7. 
IR (ATR): 3060, 2956, 2870, 2216, 1682, 1591, 1561, 1493, 1467, 1442, 1365, 1295, 1204, 1168, 1006, 946 cm-1. 
HRMS (ESI) Calcd for C19H18NaO ([M + Na]
+) 285.1250, Found 285.1250. 
 
Preparation of 2g, 2o: 
 
Representative Procedure:  To a stirred mixture of 1-(2-bromo-5-fluorophenyl)ethanone[4] (327.2 mg, 1.51 
mmol), Pd(PPh3)2Cl2 (21.5 mg, 0.0306 mmol) and CuI (14.2 mg, 0.0746 mmol) in Et3N (6 mL) was added 
phenylacetylene (186.0 mg, 1.82 mmol).  Then the reaction mixture was immersed in an 80 °C oil bath and 
stirred overnight.  The mixture was cooled to room temperature, and then quenched by water and extracted with 
Et2O.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated.  
After purification by flash column chromatography on silica gel (Merck 40-63 m, Hexane/EtOAc = 50/1), 
compound 2g (192.2 mg, 0.807 mmol) was obtained in 54% yield as a yellow oil. 
  
                                                   
[4] M. Dell'Acqua, G. Abbiati, A. Arcadi, E. Rossi, Org. Biomol. Chem. 2011, 9, 7836-7848. 
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2g: Yellow oil.  Rf = 0.40 (Hexane/EtOAc = 10/1). 
1H NMR (600 MHz, CDCl3) δ 7.62 (dd, J = 8.4, 4.8 Hz, 1H), 7.55-7.51 (m, 2H), 7.46 (dd, J 
= 9.0, 2.4 Hz, 1H), 7.40-7.35 (m, 3H), 7.18 (td, J = 8.4, 3.0 Hz, 1H), 2.80 (s, 3H). 
13C NMR (150 MHz, CDCl3) δ 198.8, 162.1 (d, J = 250.0 Hz), 142.6 (d, J = 5.8 Hz), 135.9 
(d, J = 8.6 Hz), 131.4, 128.9, 128.5, 122.6, 118.7 (d, J = 23.1 Hz), 117.9 (d, J = 2.9 Hz), 
115.7 (d, J = 23.0 Hz), 94.8, 87.4, 29.9. 
IR (ATR): 3071, 2212, 1683, 1595, 1571, 1494, 1478, 1408, 1356, 1288, 1266, 1222, 1191, 1069, 1024, 959, 902, 
824 cm-1. 
HRMS (ESI) Calcd for C16H11FNaO ([M + Na]
+) 261.0686, Found 261.0686. 
 
2o: 33% yield.  Red sticky oil.  Rf = 0.30 (Hexane/EtOAc = 10/1). 
1H NMR (600 MHz, CDCl3) δ 7.88 (dd, J = 7.8, 1.8 Hz, 2H), 7.62-7.57 (m, 2H), 7.48 (t, J = 
7.8 Hz, 2H), 7.27-7.17 (m, 5H), 7.03-6.99 (m, 2H). 
13C NMR (150 MHz, CDCl3) δ 195.5, 162.0 (d, J = 252.9 Hz), 143.6 (d, J = 7.2 Hz), 136.7, 
134.5 (d, J = 8.6 Hz), 133.5, 131.3, 130.2, 128.5, 128.4, 128.1, 122.4, 117.9 (d, J = 4.2 Hz), 
117.6 (d, J = 21.7 Hz), 115.8 (d, J = 23.1 Hz), 94.8, 86.3. 
IR (ATR): 3062, 2220, 1667, 1596, 1577, 1496, 1477, 1449, 1413, 1317, 1289, 1269, 1240, 1207, 1177, 1137, 974, 
863, 828 cm-1. 
HRMS (ESI) Calcd for C21H13FNaO ([M + Na]
+) 323.0843, Found 323.0842. 
 
Preparation of 2n: 
 
Procedure:  To a stirred solution of 1-bromo-2-(phenylethynyl)benzene (770.7 mg, 3.00 mmol) in THF (15 mL) 
was added dropwise a 1.64 mol/L solution of n-BuLi in hexane (1.80 mL, 2.95 mmol) at -78 °C.  After stirring 
for 30 min at -78 °C, solution of 2-(tert-butyldimethylsiloxy)benzaldehyde (708.1 mg, 3.00 mmol) in THF was 
added.  The mixture was stirred for 2 h at -78 °C, and then quenched by saturated aqueous NH4Cl and extracted 
with Et2O.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated.  
After purification by flash column chromatography on silica gel (Kanto 40-50 m, Hexane/EtOAc = 50/1-20/1 as 
eluent), compound S4 (1090.1 mg, 2.63 mmol) was obtained in 88% yield as a colorless oil. 
 
S4: Rf = 0.50 (Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 7.55 (dd, J = 7.8, 1.2 Hz, 1H), 7.42 (d, J = 7.2 Hz, 1H), 
7.36-7.32 (m, 3H), 7.30-7.26 (m, 4H), 7.18 (td, J = 7.2, 1.8 Hz, 1H), 7.08 (dd, J = 7.8, 1.8 
Hz, 1H), 6.91 (t, J = 7.8 Hz, 1H), 6.84 (d, J = 7.8 Hz, 1H), 6.61 (d, J = 3.3 Hz, 1H), 3.00 (d, 
J = 3.3 Hz, 1H), 0.90 (s, 9H), 0.26 (s, 3H), 0.12 (s, 3H). 
13C NMR (150 MHz, CDCl3) δ 153.4, 144.4, 132.9, 132.1, 131.5, 128.52, 128.49, 128.3, 
128.2, 128.1, 127.3, 126.7, 123.1, 122.1, 121.1, 118.0, 94.5, 87.2, 69.5, 25.6, 18.1, -4.1, -4.3. 
IR (ATR): 3570, 3459, 3062, 3033, 2954, 2928, 2884, 2875, 1600, 1582, 1487, 1452, 1389, 1362, 1278, 1253, 
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1101, 1011, 919, 836 cm-1. 
HRMS (ESI) Calcd for C27H30NaO2Si ([M + Na]
+) 437.1907, Found 437.1907. 
 
Procedure:  To a flask were added S4 (871.7 mg, 2.10 mmol) and CH2Cl2 (10 mL).  The solution was cooled 
down to 0 °C, and then NaHCO3 (537.9 mg, 6.40 mmol) and Dess-Martin periodinane (1336.4 mg, 3.15 mmol) 
were added in one portion.  After that, the reaction mixture was raised to room temperature to react for additional 
2 h.  Then the mixture was filtered by a pad of celite, concentrated and submitted to flash column 
chromatography on silica gel (Kanto 40-50 m, Hexane/EtOAc = 30/1-20/1 as eluent).  Compound 2n (833.0 mg, 
2.02 mmol) was obtained in 96% yield as a slightly yellow oil. 
 
2n: Rf = 0.60 (Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 7.62 (d, J = 7.8 Hz, 1H), 7.58 (dd, J = 7.8, 1.2 Hz, 2H), 7.44 
(td, J = 7.8, 1.2 Hz, 1H), 7.38-7.33 (m, 2H), 7.28-7.22 (m, 5H), 7.03 (t, J = 7.2 Hz, 1H), 
6.83 (d, J = 7.8 Hz, 1H), 0.73 (s, 9H), 0.03 (s, 6H). 
13C NMR (150 MHz, CDCl3) δ 196.4, 154.5, 141.3, 133.5, 132.8, 131.7, 131.5, 131.3, 130.9, 
130.1, 128.2, 128.0, 127.9, 123.1, 122.5, 121.2, 119.8, 94.4, 88.0, 25.5, 18.1, -4.5. 
IR (ATR): 3062, 2953, 2928, 2884, 2857, 2216, 1663, 1597, 1573, 1479, 1447, 1303, 1254, 
1153, 1108, 937, 903, 839 cm-1. 
HRMS (ESI) Calcd for C27H29O2Si ([M + H]
+) 413.1931, Found 413.1931. 
Preparation of 2q: 
 
Procedure:  To a dried flask was added t-BuOK (1012.9 mg, 9.03 mmol).  The atmosphere was replaced with 
argon and then THF (30 mL) and α-methylstyrene (1.20 mL, 9.23 mmol) were added.  After cooling down to 
-78 °C, 1.65 mol/L solution of n-BuLi in hexane (5.39 mL, 8.89 mmol) was added dropwise, the reaction mixture 
became dark-red.  Then it was raised to -50 °C for 6 h, cooled down to -78 °C and add aldehyde S5[
5](1237.3 mg, 
6.00 mmol).  After that, the reaction mixture was raised to -50 °C again for another 17 h.  Then it was quenched 
by saturated aqueous NH4Cl and extracted with Et2O.  The combined organic layers were washed with brine, 
dried over Na2SO4, filtered, and concentrated.  After purification by flash column chromatography on silica gel 
(Merck 40-63 m, Hexane/EtOAc = 40/1-10/1 as eluent), compound S6 (975.3 mg, 3.01 mmol) was obtained in 50% 
yield as a yellow-red oil. 
 
S6: Rf = 0.15 (Hexane/EtOAc = 10/1). 
1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 7.6 Hz, 1H), 7.51-7.44 (m, 3H), 7.40-7.28 (m, 6H), 
7.21 (td, J = 7.2, 1.2 Hz, 1H), 7.15 (tt, J = 7.2, 1.2 Hz, 1H), 7.11-7.05 (m, 2H), 5.44 (d, J = 1.6 
Hz, 1H), 5.30 (dd, J = 10.0, 3.6 Hz, 1H), 5.22 (s, 1H), 3.23 (ddd, J = 14.0, 3.6, 1.2 Hz, 1H), 
2.68 (dd, J = 14.0, 10.0 Hz, 1H), 2.31 (brs, 1H). 
13C NMR (100 MHz, CDCl3) δ 145.8, 145.0, 139.9, 132.2, 131.6, 128.8, 128.3, 128.2, 127.6, 
127.0, 126.2, 125.4, 122.9, 120.3, 116.0, 94.0, 87.1, 69.7, 45.0 (one peak merged with others). 
                                                   
[5] S. Bhunia, K.-C. Wang, R.-S. Liu, Angew. Chem. Int. Ed. 2008, 47, 5063-5066. 
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IR (ATR): 3558, 3420, 3080, 3057, 3030, 2931, 1626, 1599, 1573, 1493, 1443, 1388, 1305, 1277, 1186, 1053, 903, 
879 cm-1. 
HRMS (ESI) Calcd for C24H20NaO ([M + Na]
+) 347.1406, Found 347.1406. 
 
Procedure:  To a flask were added Dess-Martin periodinane (4244.0 mg, 10.0 mmol). and NaHCO3 (1682.5 mg, 
20.0 mmol).  The atmosphere was replaced with argon and then CH2Cl2 (30 mL) was added.  The mixture was 
then cooled down to 0 °C, and S6 (1631.6 mg, 5.03 mmol) was added.  After stirring at this temperature for 2 h, it 
was diluted with Et2O.  Then the mixture was filtered by a pad of celite, concentrated and submitted to flash 
column chromatography on silica gel (Merck 40-63 m, Hexane/EtOAc/AcOH = 100/5/1 as eluent).  The 
fractions were collected, washed with saturated aqueous NaHCO3, dried over Na2SO4, and concentrated.  
Compound 2q (1048.4 mg, 3.25 mmol) was obtained in 65% yield as a yellow oil. 
 
2q: Rf = 0.25 (Hexane/EtOAc = 10/1). 
1H NMR (600 MHz, CDCl3) δ 7.61 (dd, J = 7.2, 1.2 Hz, 1H), 7.55 (dd, J = 7.2, 1.2 Hz, 1H), 
7.49-7.46 (m, 2H), 7.44 (td, J = 7.2, 1.2 Hz, 1H), 7.41-7.38 (m, 2H), 7.36-7.31(m, 4H), 
7.27-7.19 (m, 3H), 5.58 (d, J = 1.2 Hz, 1H), 5.23 (d, J = 1.2 Hz, 1H), 4.39 (d, J = 1.2 Hz, 2H). 
13C NMR (150 MHz, CDCl3) δ 201.0, 141.5, 141.1, 140.1, 133.6, 131.6, 130.9, 128.7, 128.4, 
128.3, 128.2, 127.6, 125.9, 122.7, 121.1, 116.7, 94.7, 88.1, 48.7 (one peak merged with others). 
IR (ATR): 3081, 3058, 3031, 2214, 1689, 1628, 1598, 1493, 1442, 1327, 1281, 1200, 1027, 1002, 904 cm-1. 
HRMS (ESI) Calcd for C24H18NaO ([M + Na]
+) 345.1250, Found 345.1249. 
 
3. Preparation of silver phosphate and copper phosphate catalysts. 
 
Follow the procedure reported by F. D. Toste et al. and K. Mikami et al.[6,7]   
To a solution of (R)-1e[8] (680.6 mg, 1.00 mmol) in CH2Cl2 (10 mL) in the dark was added in one portion Ag2CO3 
(138.6 mg, 0.500 mmol), followed by distilled H2O (10 mL).  The resulting mixture was stirred vigorously for 1 h.  
Then the mixture was diluted with CH2Cl2 (20 mL) and H2O (20 mL).  The layers of the biphasic suspension 
were separated and the aqueous layer extracted with CH2Cl2.  The combined organic extracts were filtered 
through celite and concentrated to afford Ag[(R)-1e] as a white solid (768.2 mg, 98% yield). 
 
Ag[(R)-1e]: 1H NMR (400 MHz, CDCl3) δ 7.97 (s, 2H), 7.91 (d, J = 8.4 Hz, 2H), 7.49 (t, J = 7.6 Hz, 2H), 7.43 (d, 
J = 8.4 Hz, 2H), 7.28 (t, J = 8.0 Hz, 2H). 
13C NMR (175 MHz, CDCl3) δ 145.8 (d, 
2J(C, P) = 9.0 Hz), 144.6 (d, 
1J(C, F) = 258.0 Hz), 144.3 (d, 
1J(C, F) = 247.0 
Hz), 141.3 (d, 1J(C, F) = 253.0 Hz), 137.7 (d, 
1J(C, F) = 257.0 Hz), 137.6 (d, 
1J(C, F) = 257.0 Hz), 133.0, 130.8, 128.5, 
                                                   
[6] G. L. Hamilton, E. J. Kang, M. Mba, F. D. Toste, Science 2007, 317, 496-499. 
[7] K. Aikawa, M. Kojima, K. Mikami, Angew. Chem. Int. Ed. 2009, 48, 6073-6077. 
[8] N. Momiyama, H. Nishimoto, M. Terada, Org. Lett. 2011, 13, 2126-2129. 
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127.4, 126.9, 125.5, 122.6, 119.1, 111.6 (t, 2J(C, F) = 19.0 Hz) (one peak of quaternary carbon merged with others). 
19F NMR (565 MHz, CDCl3) δ -137.0, -141.1, -153.7, -161.2, -162.7. 
31P NMR (243 MHz, CDCl3) δ 13.3. 
HRMS (ESI) Calcd for C32H10AgF10NaO4P ([M + Na]
+) 808.9100, Found 808.9097. 
 
 
Follow the procedure reported by F. D. Toste et al.[9] 
To a dried test tube, was added Ag[(R)-1e] (79.2 mg, 0.10 mmol) and CuCl2
.2H2O (9.5 mg, 0.55 mmol) and 
CH3CN/CH2Cl2 (0.75 mL/0.75 mL).  The reaction mixture was stirred under dark for 16 h and filtered through a 
pad of celite.  The celite bed was rinsed with anhydrous CH2Cl2 (6 mL) and the filtrate was concentrated under 
vacuo.  The residue was dissolved in CH2Cl2 (1 mL) and it was filtered through celite and rinsed with CH2Cl2 (4 
mL).  Thus obtained filtrate was concentrated under vacuo to give Cu[(R)-1e]2 as a green solid (74.2 mg, 
quantitative yield). 
 
Cu[(R)-1e]2: HRMS (ESI) Calcd for C64H20ClCuF20O8P2 ([M + Cl]
-) 1455.9304, Found 1455.9289. 
 
4. Chiral silver phosphate catalyzed cyclization and enantioselective reduction. 
Reaction of 2a-2h: 
 
To a dried test tube was added MS 5A (75.0 mg), Hantzsch ester 3a (41.8 mg, 0.165 mmol), and Ag[(R)-1e] (10 
mol%, 11.8 mg, 0.0150 mmol).  The atmosphere was replaced with argon, and then THF (0.75 mL) was added to 
the mixture.  After vigorous stirring for 10 minutes, 2a (32.8 mg, 0.149 mmol) was then added and the reaction 
mixture was stirred for 6 h at room temperature, followed by filtration through a pad of Al2O3 (Merck Aluminium 
Oxide 90 standardized, EtOAc as eluent).  After concentration, the crude product was purified by flash column 
chromatography on silica gel (Merck 40-63 m, Hexane/EtOAc/Et3N = 100/1/1 as eluent) to afford 4a (31.5 mg, 
95%) as a white solid.  The enantiomeric excess was determined via chiral stationary phase HPLC analysis. 
  
                                                   
[9] V. Rauniyar, Z. J. Wang, H. E. Burks, F. D. Toste, J. Am. Chem. Soc. 2011, 133, 8486-8489. 
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(S)-1-methyl-3-phenyl-1H-isochromene (4a): White solid.  Rf = 0.60 (Hexane/EtOAc = 
10/1).  HPLC analysis Chiralcel OD-3 (Hexane/IPA = 98/2, 0.5 mL/min, 254 nm, 30 °C) 10.7 
(major), 11.3 (minor) min, (87% ee). 
[]25D = +36.1 (c 0.62, CH2Cl2). 
1H NMR (600 MHz, C6D6) δ 7.77-7.73 (m, 2H), 7.20-7.15 (m, 2H), 7.13-7.08 (m, 2H), 7.01 (td, J = 7.6, 1.2 Hz, 
1H), 6.96 (d, J = 7.6 Hz, 1H), 6.75 (d, J = 7.2 Hz, 1H), 6.33 (s, 1H), 5.17 (q, J = 6.4 Hz, 1H), 1.45 (d, J = 6.4 Hz, 
3H).  
13C NMR (150 MHz, C6D6) δ 152.7, 135.3, 132.9, 131.7, 128.9, 128.6, 128.1, 126.8, 125.4, 124.1, 123.5, 100.9, 
74.5, 19.6. 
IR (ATR): 3054, 3029, 2984, 2927, 1617, 1604, 1566, 1488, 1450, 1372, 1364, 1279, 1245, 1071, 1038, 1024, 991, 
945, 895, 884, 876, 810 cm-1 
HRMS (APCI) Calcd for C16H14O (M
+) 222.1039, Found 222.1039. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
(5a): Colorless oil.  Rf = 0.55 (Hexane/EtOAc = 10/1). 
1H NMR (700 MHz, C6D6) δ 8.04-8.01 (m, 2H), 7.37-7.32 (m, 2H), 7.22 (d, J = 7.0 Hz, 1H), 
7.10 (tt, J = 7.0, 1.4 Hz, 1H), 7.02 (tdd, J = 7.0, 1.4, 0.7 Hz, 1H), 6.99 (td, J = 7.0, 1.4 Hz, 1H), 
6.73-6.71 (m, 1H), 6.01 (s, 1H), 5.28 (q, J = 6.3 Hz, 1H), 1.21 (d, J = 6.3 Hz, 3H). 
13C NMR (175 MHz, C6D6) δ 155.6, 144.1, 137.2, 135.2, 128.7, 128.6, 128.5, 128.2, 125.6, 
121.1, 120.2, 96.9, 82.4, 21.4. 
HRMS (APCI) Calcd for C16H15O ([M + H]
+) 223.1117, Found 223.1117. 
 
(S)-1-methyl-3-(p-tolyl)-1H-isochromene (4b): White solid.  Rf = 0.60 
(Hexane/EtOAc = 10/1). HPLC analysis connection of Chiralcel OD-3 and OD-H 
(Hexane/IPA = 98/2, 0.5 mL/min, 254 nm, 30 °C) 22.6 (major), 24.3 (minor) min, (81% 
ee). 
[]21D = +34.5 (c 1.17, CH2Cl2). 
1H NMR (400 MHz, C6D6) δ 7.74-7.70 (m, 2H), 7.11 (td, J = 7.5, 1.3 Hz, 1H), 7.07-6.94 (m, 4H), 6.76 (d, J = 7.4 
Hz, 1H), 6.36 (s, 1H), 5.19 (q, J = 6.5 Hz, 1H), 2.11 (s, 3H), 1.47 (d, J = 6.6 Hz, 3H). 
13C NMR (100 MHz, C6D6) δ 153.0, 138.7, 132.8, 132.6, 131.9, 129.3, 128.1, 126.6, 125.5, 124.0, 123.5, 100.2, 
74.5, 21.2, 19.5. 
IR (ATR): 3063, 3029, 2975, 2922, 2855, 1624, 1603, 1566, 1509, 1484, 1453, 1362, 1272, 1184, 1073, 1054, 802 
cm-1. 
HRMS (APCI) Calcd for C17H16O (M
+) 236.1196, Found 236.1195. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
(S)-1-methyl-3-(4-(trifluoromethyl)phenyl)-1H-isochromene (4c): White solid.  
Rf = 0.75 (Hexane /EtOAc = 4/1).  HPLC analysis Chiralcel OD-3 (Hexane/IPA = 
98/2, 0.5 mL/min, 254 nm, 30 °C) 10.8 (major), 11.9 (minor) min, (67% ee). 
[]22D = +26.1 (c 0.70, CH2Cl2). 
1H NMR (400 MHz, C6D6) δ 7.51 (d, J = 8.2 Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H), 7.10 
(td, J = 7.5, 1.3 Hz, 1H), 7.02 (td, J = 7.5, 1.3 Hz, 1H), 6.95 (dd, J = 7.4, 1.0 Hz, 1H), 6.73 (d, J = 7.4 Hz, 1H), 
6.22 (s, 1H), 5.11 (q, J = 6.5 Hz, 1H), 1.40 (d, J = 6.5 Hz, 3H). 
13C NMR (100 MHz, C6D6) δ 150.9, 138.5, 133.0, 130.9, 130.3 (q, J = 32.6 Hz), 128.2, 127.5, 125.40 (q, J = 3.8 
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Hz), 125.38, 124.9 (q, J = 272.2 Hz), 124.5, 123.6, 102.7, 74.6, 19.6. 
IR (ATR): 3071, 2979, 2932, 1617, 1486, 1454, 1414, 1324, 1167, 1124, 1112, 1069, 1014, 807 cm-1. 
HRMS (APCI) Calcd for C17H13F3O (M
+) 290.0913, Found 290.0913. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
(S)-3-(4-methoxyphenyl)-1-methyl-1H-isochromene (4d): White solid.  Rf = 0.60 
(Hexane/EtOAc = 4/1).  HPLC analysis Chiralcel OD-3 (Hexane/IPA = 98/2, 0.5 
mL/min, 254 nm, 30 °C) 17.6 (major), 19.2 (minor) min, (80% ee). 
[]22D = +34.0 (c 0.89, CH2Cl2). 
1H NMR (400 MHz, C6D6) δ 7.78-7.68 (m, 2H), 7.13 (t, J = 7.6 Hz, 1H), 7.02 (td, J = 
7.2, 1.2 Hz, 1H), 7.00 (d, J = 7.2 Hz, 1H), 6.85-6.75 (m, 3H), 6.30 (s, 1H), 5.20 (q, J = 6.5 Hz, 1H), 3.28 (s, 3H), 
1.49 (d, J = 6.6 Hz, 3H). 
13C NMR (100 MHz, C6D6) δ 160.8, 152.8, 132.6, 132.1, 128.1, 127.9, 127.0, 126.4, 123.8, 123.4, 114.0, 99.3, 
74.5, 54.8, 19.5. 
IR (ATR): 3022, 2980, 2957, 2933, 2837, 1617, 1606, 1509, 1480, 1462, 1439, 1362, 1304, 1252, 1178, 1113, 
1079, 1030, 819 cm-1. 
HRMS (APCI) Calcd for C17H16O2 (M
+) 252.1145, Found 252.1144. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
(S)-3-phenyl-1-propyl-1H-isochromene (4e): White solid.  Rf = 0.65 (Hexane/EtOAc = 
10/1).  HPLC analysis connection of two Chiralpak AD-3 columns (Hexane/IPA = 98/2, 0.6 
mL/min, 254 nm, 30 °C) 17.4 (minor), 18.8 (major) min, (81% ee). 
[]22D = +60.6 (c 1.07, CH2Cl2). 
1H NMR (400 MHz, C6D6) δ 7.81-7.76 (m, 2H), 7.22-7.16 (m, 2H), 7.14-7.08 (m, 2H), 7.02 (td, 
J = 7.6, 1.2 Hz, 1H), 6.98 (dd, J = 7.6, 0.8 Hz, 1H), 6.77 (d, J = 7.2 Hz, 1H), 6.34 (s, 1H), 5.15 (dd, J = 8.8, 4.0 Hz, 
1H), 2.08-1.93 (m, 1H), 1.66-1.50 (m, 2H), 1.50-1.34 (m, 1H), 0.81 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, C6D6) δ 152.1, 135.3, 132.1, 131,6, 128.8, 128.6, 126.6, 125.3, 124.2, 124.1, 100.7, 78.1, 
36.3, 18.9, 14.0 (one peak merged with others). 
IR (ATR): 3062, 3027, 2957, 2931, 2871,1628, 1603, 1568, 1493, 1454, 1377, 1279, 1067, 1029, 917, 806 cm-1. 
HRMS (APCI) Calcd for C18H18O (M
+) 250.1352, Found 250.1252. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
(S)-1-isobutyl-3-phenyl-1H-isochromene (4f): White solid.  Rf = 0.60 (Hexane/EtOAc = 
10/1).  HPLC analysis connection of two Chiralpak AD-3 columns (Hexane/IPA = 98/2, 0.5 
mL/min, 254 nm, 15 °C) 22.1 (minor), 23.4 (major) min, (82% ee). 
[]23D = +59.7 (c 0.32, CH2Cl2). 
1H NMR (400 MHz, C6D6) δ 7.82-7.76 (m, 2H), 7.22-7.15 (m 2H), 7.14-7.08 (m, 2H), 7.03 (td, 
J = 7.6, 1.2 Hz, 1H), 6.98 (d, J = 7.2 Hz, 1H), 6.79 (d, J = 7.6 Hz, 1H), 6.36 (s, 1H), 5.30 (dd, J = 9.6, 4.4 Hz, 1H), 
2.12 (ddd, J = 14.0, 10.0, 5.2 Hz, 1H), 2.08-1.97 (m, 1H), 1.36 (ddd, J = 14.0, 9.2, 4.4 Hz, 1H), 0.92 (d, J = 6.4 
Hz, 3H), 0.84 (d, J = 6.4 Hz, 3H). 
13C NMR (100 MHz, C6D6) δ 152.0, 135.3, 132.4, 131.6, 128.9, 128.6, 126.6, 125.3, 124.3, 123.9, 100.8, 76.4, 
43.1, 24.4, 23.5, 21.7 (one peak merged with others). 
IR (ATR): 3055, 3020, 2958, 2867, 1621, 1565, 1488, 1453, 1376, 1280, 1065, 1017, 911, 814 cm-1. 
HRMS (APCI) Calcd for C19H20O (M
+) 264.1509, Found 264.1508. 
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Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
(S)-7-fluoro-1-methyl-3-phenyl-1H-isochromene (4g): White solid.  Rf = 0.70 
(Hexane/EtOAc = 10/1).  HPLC analysis Chiralpak AD-3 (Hexane/IPA = 98/2, 0.5 mL/min, 
254 nm, 15 °C) 11.0 (minor), 11.6 (major) min, (87% ee). 
[]23D = +43.2 (c 0.36, CH2Cl2). 
1H NMR (600 MHz, C6D6) δ 7.73-7.69 (m, 2H), 7.20-7.15 (m, 2H), 7.11 (tt, J = 7.8, 1.2 Hz, 1H), 6.74 (td, J = 8.4, 
2.4 Hz, 1H), 6.68 (dd, J = 8.4, 6.0, 1H), 6.48 (dd, J = 9.0, 2.4 Hz, 1H), 6.21 (s, 1H), 4.97 (q, J = 6.6, 1H), 1.31 (d, 
J = 6.6, 3H). 
13C NMR (150 MHz, C6D6) δ 162.2 (d, J = 244.2 Hz), 152.1, 135.0, 134.91, 134.87, 128.9, 128.5, 125.4 (d, J = 7.2 
Hz), 125.3, 114.6 (d, J = 21.6 Hz), 111.0 (d, J = 23.1 Hz), 100.0, 73.9 (d, J = 2.9 Hz), 19.1. 
IR (ATR): 3053, 2983, 2931, 1623, 1573, 1497, 1447, 1365, 1281, 1255, 1094, 1075, 1038, 1027, 871, 834 cm-1. 
HRMS (APCI) Calcd for C16H13FO (M
+) 240.0945, Found 240.0944. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
(S)-3-butyl-1-methyl-1H-isochromene (4h): Colorless oil.  Rf = 0.70 (Hexane/EtOAc = 
10/1).  HPLC analysis connection of two Chiralcel OD-H columns (Hexane/IPA = 98/2, 
0.25 mL/min, 254 nm, 30 °C) 31.9 (major), 34.1 (minor) min, (22% ee). 
[]25D = -3.6 (c 0.60, CH2Cl2). 
1H NMR (600 MHz, C6D6) δ 7.08 (t, J = 7.8 Hz, 1H), 7.00 (td, J = 7.8 Hz, 1H), 6.87 (d, J = 7.8 Hz, 1H), 6.73 (d, J 
= 7.8 Hz, 1H), 5.55 (s, 1H), 5.09 (q, J = 6.6 Hz, 1H), 2.18-2.08 (m, 2H), 1.59-1.47 (m, 2H), 1.42 (d, J = 6.6 Hz, 
3H) 1.28 (sextet, J = 7.2 Hz, 2H), 0.86 (t, J = 7.2 Hz, 3H). 
13C NMR (150 MHz, C6D6) δ 157.2, 132.1, 131.8, 127.96, 126.0, 123.4, 123.0, 100.6, 74.2, 33.9, 29.3, 22.6, 19.9, 
14.0. 
IR (ATR): 3064, 3021, 2956, 2928, 2871, 2861, 1649, 1604, 1575, 1488, 1454, 1377, 1154, 1113, 1063, 1037, 
1011, 935, 889 cm-1.  HRMS (APCI) Calcd for C14H19O ([M + H]
+) 203.1430, Found 203.1430. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
Reaction of 2i-2p: 
 
To a dried test tube was added Hantzsch ester 3b (37.2 mg, 0.165 mmol) and Ag[(R)-1e] (10 mol%, 11.8 mg, 
0.0150 mmol).  The atmosphere was replaced with argon and then EtOAc (0.75 mL) and 2i (41.3 mg, 0.146 
mmol) were added and the mixture was stirred for 24 h at room temperature, followed by filtration through a pad 
of Al2O3 (Merck Aluminium Oxide 90 standardized, EtOAc as eluent).  After concentration, the crude product 
was purified by flash column chromatography on silica gel (Merck 40-63 m, Hexane/EtOAc/Et3N = 100/1/1 as 
eluent) to afford 4i (35.4 mg, 85%) as a white solid.  The enantiomeric excess was determined via chiral 
stationary phase HPLC analysis. 
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(S)-1,3-diphenyl-1H-isochromene (4i): White solid.  Rf = 0.60 (Hexane/EtOAc = 10/1).  
HPLC analysis Chiralcel OD-H (Hexane/IPA = 98/2, 0.5 mL/min, 254 nm, 30 °C) 12.6 (major), 
15.2 (minor) min, (92% ee). 
[]25D = +57.6 (c 0.94, CH2Cl2). 
1H NMR (400 MHz, C6D6) δ 7.74-7.70 (m, 2H), 7.38-7.34 (m, 2H), 7.14-7.04 (m, 7H), 7.00 (dd, 
J = 7.5, 1.1 Hz, 1H), 6.93 (td, J = 7.5, 1.3 Hz, 1H), 6.65 (d, J = 7.6, Hz, 1H), 6.40 (s, 1H), 6.12 (s, 1H). 
13C NMR (100 MHz, C6D6) δ 153.1, 140.3, 134.8, 132.3, 131.1, 129.0, 128.6, 128.5, 128.4, 128.3, 126.8, 125.7, 
125.5, 124.0, 101.5, 80.7 (one peak merged with others). 
IR (ATR): 3060, 3028, 2924, 2852, 1627, 1601, 1567, 1493, 1453, 1365, 1339, 1271, 1053, 1027, 968, 939, 913, 
808 cm-1. 
HRMS (APCI) Calcd for C21H16O (M
+) 284.1196, Found 284.1195. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
(S)-1-(4-methoxyphenyl)-3-phenyl-1H-isochromene (4j): White solid.  Rf = 0.60 
(Hexane/EtOAc = 4/1).  HPLC analysis connection of two Chiralpak AD-3 columns 
(Hexane/IPA = 98/2, 0.6 mL/min, 254 nm, 30 °C) 44.2 (major), 46.1 (minor) min, (90% ee). 
[]24D = +23.2 (c 0.77, CH2Cl2). 
1H NMR (400 MHz, C6D6) δ 7.78-7.71 (m, 2H), 7.32-7.26 (m, 2H), 7.15-7.05 (m, 4H), 7.03 (d, 
J = 7.6 Hz, 1H), 6.97 (td, J = 7.6, 1.2 Hz, 1H), 6.77-6.67 (m, 3H), 6.43 (s, 1H), 6.02 (s, 1H), 
3.24 (s, 3H). 
13C NMR (100 MHz, C6D6) δ 160.2, 153.1, 135.0, 132.5, 132.4, 131.5, 129.7, 128.9, 128.5, 128.4, 126.7, 125.8, 
125.5, 124.0, 114.1, 101.4, 80.4, 54.7. 
IR (ATR): 3061, 3033, 2955, 2932, 2835, 1613, 1511, 1493, 1454, 1339, 1304, 1273, 1249, 1173, 1050, 1028, 839, 
810 cm-1. 
HRMS (APCI) Calcd for C22H18O2 (M
+) 314.1301, Found 314.1301. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
(S)-1-(4-bromophenyl)-3-phenyl-1H-isochromene (4k): White solid.  Rf = 0.55 
(Hexane/EtOAc = 10/1).  HPLC analysis Chiralcel OD-3 (Hexane/IPA = 98/2, 0.5 mL/min, 
254 nm, 30 °C) 14.5 (major), 16.4 (minor) min, (91% ee). 
[]23D = +66.4 (c 0.91, CH2Cl2). 
1H NMR (600 MHz, C6D6) δ 7.71-7.67 (m, 2H), 7.20-7.07 (m, 6H), 7.00-6.95 (m, 3H), 6.94 (td, 
J = 7.2, 1.2 Hz, 1H), 6.52 (d, J = 7.2 Hz, 1H), 6.37 (s, 1H), 5.93 (s, 1H). 
13C NMR (150 MHz, C6D6) δ 152.9, 139.2, 134.6, 132.1, 131.7, 130.5, 129.9, 129.1, 128.62, 
128.58, 126.8, 125.5, 125.4, 124.1, 122.6, 101.5, 79.8. 
IR (ATR): 3061, 3026, 2967, 2928, 1627, 1602, 1568, 1486, 1454, 1402, 1363, 1335, 1274, 1071, 1055, 1028, 
1011, 970, 934, 919, 877, 839, 808 cm-1. 
HRMS (APCI) Calcd for C21H15BrO (M
+) 362.0301, Found 362.0300. 
Configuration Assignment: The absolute configuration was assigned as (S) by X-ray single crystal diffraction 
analysis.  
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(S)-3-phenyl-1-(4-(trifluoromethyl)phenyl)-1H-isochromene (4l): White solid.  Rf = 0.55 
(Hexane/EtOAc = 10/1).  HPLC analysis Chiralcel OD-3 (Hexane/IPA = 98/2, 0.5 mL/min, 
254 nm, 30 °C) 11.5 (major), 12.9 (minor) min, (91% ee). 
[]25D = +78.2 (c 1.10, CH2Cl2). 
1H NMR (600 MHz, C6D6) δ 7.71-7.68 (m, 2H), 7.25 (d, J = 8.4, 2H), 7.17-7.13 (m, 4H), 
7.12-7.07 (m, 2H), 6.98 (dd, J = 7.8, 1.0 Hz, 1H), 6.93 (td, J = 7.8, 1.2 Hz, 1H), 6.49 (d, J = 
7.8 Hz, 1H), 6.37 (s, 1H), 5.96 (s, 1H). 
13C NMR (150 MHz, C6D6) δ 152.8, 144.1, 134.5, 132.0, 130.4 (q, J = 31.6 Hz), 130.1, 129.2, 
128.8, 128.6, 128.3, 126.9, 125.5 (q, J = 4.3 Hz), 125.4, 125.3, 124.8 (q, J = 271.8 Hz), 124.2, 101.5, 79.7. 
IR (ATR): 3065, 1621, 1603, 1568, 1494, 1455, 1418, 1325, 1274, 1166, 1124, 1066, 1018, 844, 810 cm-1. 
HRMS (APCI) Calcd for C22H15F3O (M
+) 352.1070, Found 352.1069. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
(S)-1-(3-methoxyphenyl)-3-phenyl-1H-isochromene (4m): Colorless oil.  Rf = 0.50 
(Hexane/EtOAc = 10/1).  HPLC analysis Chiralcel OD-3 (Hexane/IPA = 98/2, 0.8 mL/min, 
254 nm, 30 °C) 9.4 (major), 14.0 (minor) min, (91% ee). 
[]22D = +50.2 (c 1.05, CH2Cl2). 
1H NMR (400 MHz, C6D6) δ 7.77-7.72 (m, 2H), 7.15-7.04 (m, 6H), 7.00 (d, J = 7.6 Hz, 2H), 
6.94 (td, J = 7.6, 1.2 Hz, 1H), 6.76 (ddd, J = 7.6, 2.4, 1.2 Hz, 1H), 6.71 (d, J = 7.6 Hz, 1H), 
6.42 (s, 1H), 6.12 (s, 1H), 3.22 (s, 3H). 
13C NMR (150 MHz, C6D6) δ 160.3, 153.2, 141.8, 134.8, 132.3, 131.2, 129.6, 129.0, 128.54, 128.45, 126.8, 125.7, 
125.5, 124.0, 120.7, 114.4, 113.7, 101.6, 80.8, 54.6. 
IR (ATR): 3059, 3026, 2935, 2834, 1599, 1585, 1487, 1454, 1435, 1364, 1335, 1269, 1255, 1153, 1047, 1027, 915, 
874, 808 cm-1. 
HRMS (APCI) Calcd for C22H18O2 (M
+) 314.1301, Found 314.1301. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
(R)-1-(2-tert-butyldimethylsiloxyphenyl)-3-phenyl-1H-isochromene (4n): Colorless oil.  
Rf = 0.65 (Hexane /EtOAc = 10/1).  HPLC analysis Chiralpak AD-3 (Hexane/IPA = 99/1, 
0.5 mL/min, 254 nm, 15 °C) 8.7 (minor), 10.4 (major) min, (88% ee). 
[]20D = +4.6 (c 1.07, CH2Cl2). 
1H NMR (600 MHz, C6D6) δ 7.73 (d, J = 7.2 Hz, 2H), 7.57 (dd, J = 7.8, 1.8 Hz, 1H), 
7.14-7.02 (m, 6H), 6.93 (td, J = 7.2, 1.2 Hz, 1H), 6.91-6.84 (m, 3H), 6.78 (d, J = 7.2 Hz, 1H), 
6.47 (s, 1H), 0.88 (s, 9H), 0.16 (s, 3H), 0.13(s, 3H). 
13C NMR (150 MHz, C6D6) δ 154.0, 135.0, 132.9, 131.1, 130.6, 130.4, 129.5, 128.9, 128.5, 128.3, 126.8, 125.6, 
125.5, 123.8, 121.8, 118.7, 101.6, 76.0, 25.7, 18.3, -4.2 (One peak merged with others. Two carbons of the methyl 
groups on TBS have the same chemical shift. It was proved by HMQC). 
IR (ATR): 3065, 3035, 2954, 2928, 2884, 2857, 1627, 1602, 1583, 1493, 1454, 1362, 1336, 1254, 1051, 1028, 915, 
837, 807 cm-1. 
HRMS (ESI) Calcd for C27H30NaO2Si ([M + Na]
+) 437.1907, Found 437.1906. 
Configuration Assignment: The absolute configuration was assigned as (R) by analogy. 
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(S)-7-fluoro-1,3-diphenyl-1H-isochromene (4o): Colorless oil.  Rf = 0.50 
(Hexane/EtOAc = 10/1).  HPLC analysis Chiralcel OD-3 (Hexane/IPA = 98/2, 0.5 mL/min, 
220 nm, 15 °C) 11.9 (major), 12.6 (minor) min, (90% ee). 
[]24D = +69.2 (c 0.46, CH2Cl2). 
1H NMR (400 MHz, C6D6) δ 7.70-7.66 (m, 2H), 7.30-7.24 (m, 2H), 7.15-7.03 (m, 6H), 6.79-6.70 (m, 2H), 6.42 
(dd, J = 6.8, 2.0 Hz, 1H), 6.28 (s, 1H), 5.95 (s, 1H). 
13C NMR (150 MHz, C6D6) δ 162.1 (d, J = 245.5 Hz), 152.54, 152.52, 139.5, 134.6, 133.2 (d, J = 7.2 Hz), 129.0, 
128.68, 128.66, 128.6, 128.3, 128.1, 125.44 (d, J = 8.6 Hz), 125.38, 115.1 (d, J = 21.6 Hz), 113.1 (d, J = 23.1 Hz), 
100.6, 80.2. 
IR (ATR): 3064, 3031, 1631, 1599, 1585, 1573, 1496, 1448, 1283, 1271, 1249, 1048, 1028, 960, 870, 839 cm-1. 
HRMS (APCI) Calcd for C21H15FO (M
+) 302.1101, Found 302.1101. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
(S)-3-butyl-1-phenyl-1H-isochromene (4p): Colorless oil.  Rf = 0.65 (Hexane/EtOAc = 
10/1).  HPLC analysis connection of two Chiralcel OD-H columns (Hexane/IPA = 98/2, 
0.3 mL/min, 254 nm, 30 °C) 30.0 (major), 32.0 (minor) min, (49% ee). 
[]26D = -50.5 (c 1.03, CH2Cl2). 
1H NMR (400 MHz, C6D6) δ 7.33-7.31 (m, 2H), 7.14-7.05 (m, 4H), 6.93-6.89 (m, 2H), 6.62 (d, J = 6.8 Hz, 1H), 
6.04 (s, 1H), 5.62 (s, 1H), 2.18-2.06 (m, 2H), 1.48-1.41 (m, 2H), 1.23-1.09 (m, 2H), 0.78 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, C6D6) δ 157.5, 140.7, 132.5, 130.1, 128.49, 128.45, 128.36, 128.32, 126.0, 125.7, 122.9, 101.4, 
80.3, 33.9, 29.1, 22.4, 14.0. 
IR (ATR): 3063, 3030, 2955, 2928, 2871, 2860, 1647, 1602, 1574, 1488, 1454, 1376, 1152, 1102, 1007, 949, 914 
cm-1. 
HRMS (APCI) Calcd for C19H21O ([M+H]
+) 265.1587, Found 265.1586. 
Configuration Assignment:  The absolute configuration was assigned as (S) by analogy. 
 
5. Derivatization – acid catalyzed annulation reaction. 
 
To a dried test tube was added MS 5A (100.0 mg), Hantzsch ester (3a) (55.9 mg, 0.221 mmol), and Ag[(R)-1e] 
(10 mol%, 15.7 mg, 0.0199 mmol).  The atmosphere was replaced with argon, and then THF (1.0 mL) was added 
to the mixture.  After vigorous stirring for 10 minutes, 2q (62.4 mg, 0.194 mmol) was then added and the reaction 
mixture was stirred for 3 h at room temperature, followed by filtration through a pad of Al2O3 (Merck Aluminium 
Oxide 90 standardized, EtOAc as eluent).  After concentration, the crude product was purified by flash column 
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chromatography on silica gel (Merck 40-63 m, Hexane/EtOAc/Et3N = 100/1/1 as eluent) to remove Hantzsch 
pyridine and other high-polar byproducts affording a product mixture of 4q and other unidentified impurity[
10]. 
To the product mixture of the previous step, toluene (1.0 mL) and p-TsOH·H2O (5 mol%, 1.9 mg, 0.010 mmol) 
were added and then the reaction mixture was stirred for 1 h at 80 °C, followed by filtration through a pad of Al2O3 
(Merck Aluminium Oxide 90 standardized, EtOAc as eluent).  After concentration, the crude product was 
purified by preparative HPLC (GL Sciences Inc. Inertsil® SIL 100A 20x250 mm HPLC column, Hexane/EtOAc = 
98.5/1.5, 10 mL/min, 25 °C).  Compound 7a (34.1 mg, 0.105 mmol) and compound 7b (5.9 mg, 0.018 mmol) 
were obtained in the yield of 54% and 9%, respectively, for the two steps. The enantiomeric excess was 
determined via chiral stationary phase HPLC analysis. 
 
(5S,9S)-7,9-diphenyl-5,6,9,10-tetrahydro-5,9-epoxybenzo[8]annulene (6a):[5] White solid.  
Rf = 0.30 (Hexane/EtOAc = 10/1).  HPLC analysis Chiralpak IA-3 (Hexane/IPA = 98/2, 0.5 
mL/min, 254 nm, 30 °C) 17.7 (minor), 20.3 (major) min, (84% ee). 
[]22D = -20.5 (c 0.91, CH2Cl2). 
1H NMR (600 MHz, CDCl3) δ 7.68-7.65 (m, 2H), 7.43-7.39 (m, 2H), 7.32-7.28 (m, 1H), 7.28-7.21 (m, 4H), 
7.19-7.10 (m, 5H), 6.22 (d, J = 2.4 Hz, 1H), 5.22 (d, J = 6.0 Hz, 1H), 3.38 (d, J = 15.6 Hz, 1H), 3.25 (ddd, J = 
16.8, 6.0, 2.4 Hz, 1H), 3.19 (d, J = 15.6 Hz, 1H), 2.53 (d, J = 16.8 Hz, 1H). 
13C NMR (150 MHz, CDCl3) δ 144.9, 139.8, 137.8, 133.0, 132.0, 128.8, 128.53, 128.49, 128.47, 128.2, 127.4, 
127.3, 126.8, 126.0, 125.0, 73.9, 71.2, 39.4, 33.8 (one peak merged with others).  
Configuration Assignment: The absolute configuration was assigned as (S,S) by analogy. 
 
(5S,9S)-7,9-diphenyl-5,8,9,10-tetrahydro-5,9-epoxybenzo[8]annulene (6b): White solid.  
Rf = 0.30 (Hexane/EtOAc = 10/1).  HPLC analysis Chiralpak IA-3 (Hexane/IPA = 98/2, 0.5 
mL/min, 254 nm, 30 °C) 23.6 (major), 24.8 (minor) min, (84% ee). 
[]21D = -32.2 (c 0.59, CH2Cl2). 
1H NMR (600 MHz, CDCl3) δ 7.60-7.57 (m, 2H), 7.41-7.36 (m, 4H), 7.32-7.20 (m, 5H), 7.18-7.15 (m, 2H), 
7.08-7.05 (m, 1H), 6.34 (dd, J = 4.2, 2.4 Hz, 1H), 5.55 (dd, J = 4.2, 1.2 Hz, 1H), 3.40 (d, J = 17.4 Hz, 1H), 3.20 (d, 
J = 17.4 Hz, 1H), 2.98 (d, J = 16.8 Hz, 1H), 2.90 (d, J = 16.8 Hz, 1H). 
13C NMR (150 MHz, CDCl3) δ 149.5, 140.1, 138.5, 133.4, 132.4, 128.7, 128.4, 127.5, 127.0, 126.7, 125.7, 124.98, 
124.95, 124.0, 123.6, 72.83, 72.81, 41.8, 41.2 (one peak merged with others). 
IR (ATR): 3058, 3025, 2922, 2853, 1600, 1494, 1446, 1433, 1360, 1233, 1188, 1099, 1076, 1055, 1032, 1010, 989, 
919, 886 cm-1. 
HRMS (APCI) Calcd for C24H20O (M
+) 324.1509, Found 324.1508. 
Configuration Assignment: The absolute configuration was assigned as (S,S) by analogy. 
 
6. Reaction using 4,4-dideuterium substituted Hantszch ester. 
 
                                                   
[10] On crude 
1
H-NMR spectrum, about 10% byproduct was observed, which might be the regio-isomer of 4q after isomerization of 
double bond.  A variety of purification methods including silica gel column chromatography, HPLC and recrystallization were tried to 
isolate 4q, however all attempts were unsuccessful.  Therefore, the mixture was used in the next acid catalyzed annulation reaction, and 
it proceeded smoothly. 
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Follow the general procedure, Hantzsch ester 3a was displaced by 3e[11].  
 
(S)-1-methyl-3-phenyl-1D-isochromene (4r): White solid.  Rf = 0.60 (Hexane/EtOAc = 10/1).  
HPLC analysis Chiralcel OD-3 (Hexane/IPA = 98/2, 0.5 mL/min, 254 nm, 30 °C) 10.7 (major), 
11.3 (minor) min, (87% ee). 
[]25D = +33.0 (c 0.93, CH2Cl2). 
1H NMR (600 MHz, C6D6) δ 7.77-7.73 (m, 2H), 7.20-7.15 (m, 2H), 7.13-7.08 (m, 2H), 7.01 (td, 
J = 7.2, 1.2 Hz, 1H), 6.96 (d, J = 7.2 Hz, 1H), 6.75 (d, J = 7.2 Hz, 1H), 6.33 (s, 1H), 1.44 (s, 3H). 
13C NMR (150 MHz, C6D6) δ 152.6, 135.3, 132.8, 131.6, 128.9, 128.5, 128.1, 126.8, 125.4, 124.1, 123.5, 100.9, 
74.1 (t, J = 23.1 Hz), 19.5. 
IR (ATR): 3054, 3028, 2983, 2927, 1616, 1602, 1564, 1488, 1452, 1364, 1342, 1301, 1283, 1097, 1062, 1025, 946, 
919, 863, 809 cm-1. 
HRMS (APCI) Calcd for C16H14DO ([M+H]
+) 224.1180, Found 224.1180. 
Configuration Assignment: The absolute configuration was assigned as (S) by analogy. 
 
7. Determination of absolute configuration. 
Preparation of X-ray Grade Single Crystal of 4k: 4k was dissolved into a 1:1 mixture of hexane/EtOAc by 
heating and the single crystal of enantio-pure 4k for X-ray crystallographic analysis was grown from the 
hexane/EtOAc mixture at room temperature.   
 
The absolute configuration 4k was determined by X-ray crystallographic analysis, as shown in the following 
Figure.  The absolute configuration was determined to be the (S)-form by refinement of Flack Parameter 
(absolute structure parameter).  CCDC 954470 contains the supplementary crystallographic data.  The data can 
be obtained free of charge from The Cambridge Crystallographic Data Center via 
www.ccdc.cam.ac.uk/data_request/cif. 
 
  
                                                   
[11] Hantzsch ester 3e was synthesized using paraformaldehyde-d2 (>98% D) according to: D. Zhang, L.-Z. Wu, L. Zhou, X. Han, Q.-Z. 
Yang, L.-P. Zhang, C.-H. Tung, J. Am. Chem. Soc. 2004, 126, 3440-3441. 
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8. 
1
H and 
13
C NMR spectra, HPLC charts 
1H NMR (600 MHz) and 13C NMR (150 MHz) spectra of 4a (in C6D6) 
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1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 4h (in C6D6) 
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1H NMR (600 MHz) and 13C NMR (150 MHz) spectra of 6a (in CDCl3) 
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HPLC chart of 4a 
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HPLC chart of 4h 
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HPLC chart of 6a and 6b 
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Chapter 3. Chiral Phosphoric Acid-Catalyzed 
Enantioselective Synthesis of 1,4-Dithiepanes from 
Ring-Expansion Reaction of 1,3-Dithiane Derivatives: 
Reaction and Mechanistic Insight 
 
1. Background: 
1-1. Thionium in Asymmetric Catalysis to Synthesize Chiral Sulfur Compounds 
Thionium ion is the sulfur analogue of well-known oxocarbenium ion.  It’s one of the 
representative sulfur-stabilized cations and a common intermediate in many reactions especially 
Pummerer rearrangement and some other related reactions.
[1]
  Despite of its importance, it has 
rarely been exploited in asymmetric catalysis.  Even for asymmetric catalysis using other type of 
sulfur-stabilized cations, only few examples have been reported.
[2]
  As the wide presence of 
optical active sulfur-containing molecules in natural products, drugs and bio-related compounds,
[3]
 
to develop new enantioselective synthetic method is highly demanding.  We assume that if a 
chiral counter anion is introduced to form an ion pair with thionium ion, under the influence of 
chiral anion, products will be obtained in an enantioselective manner (Scheme 1a).  If so, it will 
pave a new road to the optically active sulfur-containing compounds. 
 
Scheme 1. Working hypothesis of thionium ion in asymmetric catalysis. 
In this context, considering the compatibility with chiral phosphoric acid, the reaction involving 
thionium ion that we choose is 1,2-sulfur rearrangement (Scheme 1b).
[4]
  Usually, this reaction 
starts from dithio-acetal or -ketal derivatives with a leaving group at -position.  The mechanism 
of such reactions is usually proposed as following: at first, nucleophilic attack from sulfur atom to 
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eliminate the leaving group afford a meta stable episulfonium ion; then, this episulfonium ion 
undergoes ring opening quickly to generate 1,2-sulfur migrated thionium ion; finally, this 
thionium ion can be trapped by nucleophile to afford addition product or eliminate a proton to 
afford elimination product.  According to this conventional mechanistic consideration, we 
envision that if chiral phosphoric acid is used to activate the leaving group, ion-pair intermediate 
consisting thionium and chiral phosphate will generate (Scheme 1c).  Then, under the influence 
of chiral phosphate, the following nucleophilic addition will proceed in an enantioselective 
manner. 
 
1-2. Contact Ion Pair in Stereospecific Reactions 
Based on this hypothesis, we successfully developed a novel enantioselective synthesis of 
1,4-dithiepanes from ring expansion of 1,3-dithane derivatives catalyzed by chiral phosphoric acid.  
And the cyclic product has a sulfur-containing tetrasubstituted carbon stereocenter, which is not 
easy to construct in single step.
[5]
 
 
Scheme 2. Contact ion pairs in stereospecific reactions. 
Mechanistic investigation of this novel reaction was also carefully conducted.  We found that 
the reaction proceeds through an unexpected and unprecedented enantioselective 1,2-sulfur 
rearrangement/stereospecific nucleophilic addition sequence (Scheme 2a).  That is completely 
different from conventional mechanistic expectation that 1,2-sulfur rearrangement is followed by 
the enantioselective nucleophilic addition (Scheme 1c).  The ion-pair intermediate was found to 
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be the reason for this highly stereospecific addition.  In this ion-pair, the relative positions of 
phosphate anion and thionium cation are fixed by C-H-O hydrogen bonds.  So, we call it “fixed 
contact ion-pair”.  Moreover, phosphate counter anion forms hydrogen bond with the nucleophile 
and selectively directs nucleophile to the thionium cation from the same side.  It doesn’t show 
steric effect to force the nucleophile comes from the opposite side instead.  This stereospecific 
process is entirely different from two well-known types of contact ion-pair mediated stereospecific 
reactions.  One of them is as shown in Scheme 2b, it is rearrangement reaction in which bond 
cleavage is followed by an immediately bond recombination in another fashion.
[6]
  In this case, 
leaving group and nucleophile are the same moiety and it always leads to retention of chiral center.  
The other type is nucleophilic substitution on a tetrasubstituted carbon center, in which 
nucleophile comes immediately after the generation of less stable cation before it diffuses away 
(Scheme 2c).
[7]
  Usually, in this kind of reaction, the nucleophile comes from the back side of 
leaving group or counter anion, thus lead to reversion of chiral center.  However, in this reaction, 
leaving group and nucleophile are not the same moiety and the nucleophilic attack is from the 
same side of leaving group and counter anion to construct the quaternary carbon center. 
In addition, we found that in this reaction nucleophile interact with phosphoric acid catalyst 
from the beginning instead of after the generation of reactive intermediate.  It is also different 
from the mechanism usually proposed for two-step reactions in which nucleophile does not 
involve in the generation of reactive cationic intermediate. 
Herein, we report our journey in the development of this novel reaction and discovery of its 
unprecedented reaction mechanism. 
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2. Experimental Results 
2-1. Initial Optimization of Reaction Condition 
At the outset of our study, a 1,3-dithiane derivative 2a with trichloroacetimidate as leaving 
group was used as substrate for the optimization of reaction condition.  Exposed to pyrrole 3a 
(1.5 eq) in the presence of chiral phosphoric acid (R)-1a (5 mol%) in dichloromethane at -20 ºC 
for 2 hours, as expected, desired 1,2-sulfur migration/pyrrole addition product 4a was obtained in 
good yield with moderate enantioselectivity (Table 1, entry 1).  Decreasing reaction temperature 
to -40 ºC, enantioselectivity increased but with reduced conversion (entry 2).  By using 6, 
6’-chloro substituted chiral phosphoric acid Cl-(R)-1a, higher conversion with a little higher 
enantiomeric excess (79% ee) was achieved (entry 3).
[8]
  When 10 mol% of catalyst Cl-(R)-1a 
was used, excellent yield was obtained without erosion of enantioselectivity (entry 4). 
Table 1. Optimization of reaction condition.
[a] 
 
Entry Cat. Temp. (ºC) Time (h) Conv. (%)
[b]
 Yield (%)
[c]
 ee (%)
[d]
 
1 (R)-1a -20 2 83 81 71 
2 (R)-1a -40 11 45 43 77 
3 Cl-(R)-1a -40 8 73 63 79 
4
[e]
 Cl-(R)-1a -40 12 100 95(86) 79 
[a] Unless otherwise noted, all reactions were carried out using 0.005 mmol of catalyst (5 mol%), 0.1 mmol of 2a, 0.15 mmol of 
3a (1.5 equiv) in 1 mL CH2Cl2.  Reaction was quenched by adding about 0.1 mL of Et3N by syringe.  [b] Determined by crude 
1H-NMR with CH2Br2 as the internal standard.  [c] NMR yield of 4a. Isolated yield is in parenthesis.  [d] Enantiomeric excess 
of 4a was determined by chiral stationary phase HPLC analysis.  [e] 10 mol% of catalyst. 
 
2-2. Substituent Effect 
With optimized reaction condition in hand, substituent effect of substrate was tested (Table 2).  
It is noteworthy that enantioselectivity is not significantly affected by changing substituent at the 
2-position of 1,3-dithiane (Table 1, entry 4; Table 2, 4b-h).  When aromatic groups were 
applied, around 80% ee were obtained (4b-g).  Even when changing to n-Pr group, 
enantioselectivity didn’t change dramatically (4h, 74% ee).  The absolute configuration of 
product was determined by single-crystal X-ray diffraction analysis to be R configuration using 
compound 4f.
[9]
  Regarding the reactivity and chemical yield of each substrate, when 
electron-withdrawing 4-chloro-phenyl group was introduced, the reaction became relatively 
sluggish.  The reaction underwent 92% conversion after 12 h under optimized condition with 
some other unidentified byproducts (4c).  The attempt to synthesize substrate bearing 
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electron-donating 4-methoxyphenyl group was failed because it decomposed easily after 
purification.  This tendency suggests that cationic species is generated in this reaction. 
Table 2. Substituent effect.
[a] 
 
[a] Unless otherwise noted, all reactions were carried out using 0.01 mmol of Cl-(R)-1a (10 mol%), 0.1 mmol of 2, 0.15 mmol of 
3a (1.5 equiv) in 1 mL CH2Cl2 under -40 ºC for 12 hours.  Reaction was quenched by adding about 0.1 mL of Et3N by syringe.  
All yields are isolated yields.  Enantiomeric excess of 4 were determined by chiral stationary phase HPLC analysis.  [b] 
Determined by crude 1H-NMR with CH2Br2 as the internal standard. 
However, when introducing di-substitution at the 5-position of 1,3-dithiane, good yields with 
excellent enantioselectivity were obtained (Table 2, 4i-j).  It means R’ group at the 5-position of 
substrate has much larger influence on enantioselectivity than R group at 2-position.  These 
results are interesting, because R’ group is relatively far away from the reaction site while R is 
directly connected to it. 
To further investigate the substituent effect on the 5-position of substrate 2, cis/trans isomers 2k 
and 2l with mono-benzyl substitution were tested under optimized reaction condition (Scheme 3).  
From 2k, product 4k was obtained in good yield with perfect diastereoselectivity and excellent 
enantioselectivity (Scheme 3a).  The absolute configuration of 4k was unambiguously 
determined to be (2R, 6S) by single-crystal X-ray diffraction analysis.
[10]
  From 2l, the other 
diastereomer 4l was obtained as the only product (Scheme 3b).  But reactivity of 2l was much 
lower than 2k; the conversion of substrate was only 56% after 12 h.  And the enantiomeric 
excess of product 4l was 79%, much lower than 4k, but same as that of 4a.  To our delight, when 
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MS 4A was added, nearly perfect yield and diastereoselectivity of both 4k and 4l were obtained 
without considerable decrease of enantioselectivity (Scheme 3a and 3b).  These results suggest 
that only the substituent at 5-position of 1,3-dithiane which is cis to leaving group has significant 
influence on enantioselectivity, while the one trans to leaving group is almost irrelevant to 
enantioselectivity. 
 
Scheme 3. Substrate with mono-substitution at the 5-position of 1,3-dithiane. 
 
2-3. Mechanistic Study 
When we were testing the substituent effect of this reaction, we found two intriguing 
phenomena: 1) enantioselectivity largely depends on the substitution at 5-position cis to leaving 
group; 2) substrate 2k and 2l gave different diastereomeric products and both were in high dr 
value.  These results stimulated us to further investigate the reaction mechanism. 
To make complicated problem simple, we started our study by checking the diastereoselectivity 
of 2k and 2l with achiral acid catalyst 1b (Scheme 4).  Reacting at 0 ºC for 2 h, racemic 4k and 
4l were generated from 2k and 2l respectively in high yield with excellent dr value.  These 
results showed us that excellent diastereoselectivity of 4k and 4l is not because of the effect of 
substitution on 3,3’-position of BINOL derived chiral phosphoric acid.  It also suggests that the 
ion pair depicted in Scheme 1c, which was proposed according to many previous reports, should 
not be the intermediate in this reaction.  Because if the ion pair depicted in Scheme 1c was the 
intermediate, from 2k and 2l with achiral phosphoric acid 1b, the same ion pair should be 
generated, thus the product with same or similar dr value should be obtained from either 2k or 2l 
(Scheme 5, path A).  However, different diastereomers were formed from 2k and 2l with perfect 
dr value (Scheme 4).  It suggests the reactions of 2k and 2l proceed via different intermediates 
(Scheme 5, path B). 
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Scheme 4. Mechanistic study with achiral catalyst. 
 
Scheme 5. Possible mechanism with achiral catalyst. 
The stereochemical relationship between 2k-l and 4k-l clearly indicates that pyrrole nucleophile 
only comes from the same face with leaving group.  In other word, the addition process is 
stereospecific.  As the addition step is not enantio-determining step (EDS), the first step, 
1,2-sulfur rearrangement, must be EDS (Scheme 6).  The 1,3-dithiane substrates 2 are achiral 
molecules, but two sulfur atoms are pro-chiral (shown in red and blue).  We proposed that the 
chiral phosphoric acid differentiates these two pro-chiral sulfur atoms and makes the migration of 
one sulfur atom (shown in red) more favorable than the other (shown in blue).  After selective 
sulfur migration, two reactive intermediates are generated with one in major.  Subsequent 
addition to these intermediates proceeds in a stereospecific manner, thus both major and minor 
intermediates transform to corresponding major and minor products.  So, the ratio of two 
intermediates should be equal to enantiomeric ratio of the final product. 
 
Scheme 6. Revised mechanism with chiral phosphoric acid. 
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Scheme 7. Hypothesis: different nucleophiles gave products in same ee value. 
We proposed sulfur migration step is the EDS, and in which only substrate and chiral 
phosphoric acid are involved (Scheme 6).  That means enantioselectivity do not depend on 
nucleophile.  So, when we use different nucleophiles, the products should be obtained in same ee 
value if the subsequent addition proceeds in stereospecific manner (Scheme 7). 
Indole is similar with pyrrole in terms of reactivity.  We chose indole as nucleophile with 5 
different substrates to test our hypothesis.  As shown in Table 3, with 5 mol% of optimized chiral 
phosphoric acid catalyst Cl-(R)-1a and 1.5 equivalent of indole 3b at -40 ºC for 6 hours, 
corresponding products were obtained in excellent yields.  However, the enantiomeric excess of 
all these five products was obviously lower than the products with pyrrole nucleophile (Table 3 vs. 
Table 1 and Table 2).  This result is not in accord with our expectation: even by changing 
nucleophiles, products would be formed in the same enantioselectivity. 
To explain this result, two possibilities can be considered: 
[1] Nucleophilic attack by pyrrole is stereospecific, but by indole is not; 
[2] Nucleophilic attack by indole is also stereospecific; however revision of the proposed 
mechanism for EDS is required (Scheme 6 and 7). 
Table 3. Some substrates with indole.
[a] 
 
[a] Unless otherwise noted, all reactions were carried out using 0.005 mmol of Cl-(R)-1a (5 mol%), 0.1 mmol of 2, 0.15 mmol of 
3b (1.5 equiv) in 1 mL CH2Cl2 under -40 ºC for 6 hours.  Reaction was quenched by adding about 0.1 mL of Et3N by syringe.  
All yields are isolated yields.  Enantiomeric excess of 5 were determined by chiral stationary phase HPLC analysis. 
Chapter 3. Chiral Phosphoric Acid-Catalyzed Enantioselective Synthesis of 1,4-Dithiepanes from Ring-Expansion Reaction of 
1,3-Dithiane Derivatives: Reaction and Mechanistic Insight 
47 
 
Scheme 8. Reaction of 2k and 2l with indole. 
To confirm whether the step of nucleophilic attack by indole 3b is stereospecific or not, 
reactions using substrates 2k and 2l were carried out (Scheme 8).  Under optimized reaction 
condition, product 5k and 5l were generated respectively from 2k and 2l in excellent yield with 
perfect diastereoselectivity.  The ee value of 5k (95% ee) was close to 4k (96% ee); while that of 
5l (73% ee) was obviously different from 4l (78% ee).  So, from the results of these two reactions, 
we can conclude that indole 3b give products in different enantioselectivity with pyrrole 3a; and 
the nucleophilic attack by indole 3b is also stereospecific.  It implies that further amendment of 
the mechanism proposed in Scheme 6-7 is necessary to rationalize the observed differences in the 
enantioselectivity.  Nucleophile should involve in EDS because nucleophile is the only different 
factor in these reactions. 
 
Scheme 9. Reaction of 2k and 2l without Nu-H. 
The reactions of 2k and 2l with nucleophiles afford ring expansion/addition products (4k-l and 
5k-l) with two stereogenic centers.  If in the absence of nucleophile, the generation of ring 
expansion/elimination product with only one chiral center can be anticipated.  We envisioned the 
enantioselectivity of these products may give us some clue that in how big extent pyrrole and 
indole affect the enantioselectivity of the enantiodeterming step.  As shown in Scheme 9, 
different enantiomeric ring expansion/elimination products 6b were obtained from 2k and 2l with 
96% ee and 79% ee respectively.  The difference of enantioselectivity between (S)-6b, 4k and 5k 
is quite small (Scheme 3, 8 and 9).  But by comparing the enantioselectivity of (R)-6b, 4l and 5l 
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(Scheme 3, 8 and 9), we can conclude that indole leads to obvious decrease of enantioselectivity 
in EDS, while pyrrole has only a little effect. 
When we were trying different nucleophiles, reactions with N-Me-pyrrole 3c and N-Me-indole 
3d were also carried out (Scheme 10).  However, in these two cases, ring expansion/elimination 
product 6a became major product.  Ring expansion/addition products 4m and 5m were obtained 
in 23% yield and 32% yield respectively.  Because of existence of two competing reaction 
pathways and ring expansion/addition products are minor, these two ee values are not suitable for 
mechanistic discussion. 
 
Scheme 10. Reaction with N-Me-pyrrole and N-Me-indole. 
According to mechanism shown in Scheme 6 and Scheme 7, nucleophilic attack to reactive 
intermediate is an intermolecular process; while elimination is within the reactive intermediate, 
which is an intramolecular process.  That means nucleophile with higher nucleophilicity should 
give ring expansion/addition product more selectively.  Although 3c and 3d are more 
nucleophilic than 3a and 3b,
[11]
 very low yield of addition product were obtained when using 3c 
and 3d were applied (Scheme 10).  In sharp contrast, 3a and 3b afforded ring expansion/addition 
products in excellent yields without formation of elimination product 6a (Table 2 and 3).  So, 
this study demonstrated that the mechanism depicted in Scheme 6 and Scheme 7 is not reasonable 
even from the viewpoint of chemo-selectivity.  It suggested that N-H moiety in pyrrole 3a and 
indole 3b is vitally important. 
Considering the importance of N-H moiety of 3a and 3b, and our conclusion that nucleophile 
involves in enantio-determining step, we proposed our revised mechanism once again (Scheme 
11).  Herein, we proposed that nucleophile (3a or 3b) forms hydrogen bond (N−H··O) with chiral 
phosphoric acid from the beginning of the reactions.  In the first step, the Brønsted acidic site of 
chiral phosphoric acid form hydrogen bond with leaving group of substrate 2, and simultaneously 
the Brønsted basic site form hydrogen bond with nucleophile.  So, 1,2-sulfur rearrangement 
proceeds in the presence of nucleophile.  The chiral environment is created by chiral phosphoric 
acid and nucleophile together.  It can explain why 3a and 3b gave products in different 
enantioselectivity (Table 2 and Table 3). 
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After elimination of leaving group, it generates reactive intermediate which involves 
nucleophile.  Regarding the structure of reactive intermediate, in theory, three models are 
possible to explain the stereospecific addition (Scheme 11). 
[1] As 1,2-sulfur migration with elimination of leaving group is an SN2 process,
[4]
 the 
episulfonium intermediate INT-A should be firstly generated.
[4k]
  From INT-A through a SN2-like 
transition state TS-A to afford the product is one possibility. 
[2] Another possible pathway is that episulfonium intermediate INT-A undergoes ring opening 
to INT-B.  INT-B is a fixed contact ion pair, in which thionium ion and phosphate anion keep 
their relative position.  Then phosphate directs nucleophile from the same side to thionium thus 
generate product. 
[3] Through INT-B, addition of phosphate to thionium to get covalent bonded phosphate 
intermediate INT-C can also be considered.
[12]
  From INT-C, through a concerted asynchronous 
mechanism, syn displacement of phosphate by nucleophile affords the final product.
[12b]
 
In addition, hydrogen bonding interaction between phosphate and nucleophile shown in all 
these proposed intermediates increases the nucleophilicity of nucleophile and also decreases the 
basicity of phosphate.  So, the nucleophilic addition is enhanced while elimination is inhibited.  
That can explain why 3a and 3b gave ring expansion/addition product selectively while ring 
expansion/elimination product was the major one when using 3c and 3d. 
 
Scheme 11. New proposal of reaction mechanism: involvement of nucleophile (Nu-H) 
from the beginning and three possible reaction pathways 
To identify the structure of reaction intermediate, monitoring the reaction process by NMR was 
first attempted (Figure 1).  In CDCl3, at -40 ºC, the reaction using substrate 2a, pyrrole 3a and 
catalyst 1b was monitored for 2 hours.  As the result, only gradual consumption of substrate 2a 
and generation of product 4a were observed.  Any other product and possible intermediate was 
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Figure 1. Monitoring reaction by NMR. 
After that, we carried out experimental study by using substrate 2k and 2l with different achiral 
acid catalysts which have different acidities (Table 4, 5). 
As shown in Table 4, some weak acids were used at first.  In entry 1-5, 2l was used as 
substrate to test four kinds of acids.  Acetic acid showed no reactivity even at room temperature 
(entry 1).  Compared with the result obtained by using phosphoric acid 1b (2:98 dr) (Table 4, 
entry 2 and Scheme 4), more acidic trifluoroacetic acid (TFA) resulted in considerable decrease 
of diastereoselectivity (7:93 dr) albeit in excellent chemical yield (entry 3).  Conducting the 
same reaction using TFA but extending the reaction time to 12 hours resulted in similar 
diastereoselectivity (entry 4).  It suggests that decreased dr value by using TFA as catalyst is not 
due to the epimerization of product in acidic condition (entry 3 and 4).  Malononitrile 1d has 
similar acidity with chiral phosphoric acid.
[13]
  However, when it was utilized as catalyst, no 
conversion of substrate 2l was observed (entry 5).  It may imply the type of acid catalysts is also 
important in this reaction.  Different from 2l, when substrate 2k was used, phosphoric acid 1b 
and TFA afforded the corresponding product 4k with the same diastereoselectivity (99:1 dr) (entry 
6 and 7). 
These results may suggest that fixed contact ion pair is the reactive intermediate for 
stereospecific addition (Scheme 11, INT-B), because the stereospecificity of reaction via 
episulfonium ion (INT-A) or covalent bonded intermediate (INT-C) should not depend on acid 
catalysts.  However, in the model of fixed contact ion pair (INT-B), the interaction between 
cation and anion is vitally important to keep their relative position, thus make the addition proceed 
in the stereospecific manner.  Changing phosphoric acid to more acidic TFA, negative charge of 
counter anion become more delocalized, ion pair become more likely to dissociate, thus lead to the 
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erosion of directional characteristic of interaction with cation.  So, the model of fixed contact ion 
pair (INT-B) is in accord with the experimental observation that acid having stronger acidity lead 
to decrease of stereospecificity (entry 2 and 3).  No difference of diastereoselectivity between 
1b and TFA when using 2k is possibly due to the different thermodynamic stability of the two 
intermediate generated from 2l and 2k. 
Table 4. Reaction of 2k and 2l with some achiral weak acid catalysts.
[a]
 
 
Entry 2 4 Acid Time Yield (%)
[b]
 dr (4k:4l)
[c]
 Note 
1 2l 4l Acetic acid 6 h+16 h
[d] 
0 - No reaction 
2 2l 4l 1b 2 h 89 2:98  
3 2l 4l TFA 1 h 97 7:93  
4 2l 4l TFA 12 h 99 7.5:92.5
[e] 
 
5 2l 4l 1d 2 h 0 - No reaction 
6 2k 4k 1b 2 h 97 99:1  
7 2k 4k TFA 30 min 84 (90) 99:1  
[a] Unless otherwise noted, all reactions were carried out using 0.01 mmol of catalyst (10 mol%), 0.1 mmol of 2, 0.15 mmol of 
3a (1.5 equiv) in 1 mL CH2Cl2.  Reaction was quenched by adding about 0.1 mL of Et3N by syringe.  [b] NMR yield of 4. It 
was determined by crude 1H-NMR with CH2Br2 as the internal standard. Isolated yield is in parenthesis.  [c] Diastereomeric 
excess of 4 was determined by crude 1H-NMR with CH2Br2 as the internal standard and chiral stationary phase HPLC analysis.  
[d] 6 hours at 0 ºC, then additional 16 hours at room temperature.  [e] Determined by crude 1H-NMR with CH2Br2 as the 
internal standard. 
We knew that increasing the acidity of catalyst reduce the stereospecificity (Table 4).  
However, further increasing the acidity of catalyst by utilizing methanesulfonic acid (MsOH) and 
trifluoromethanesulfonic acid (TfOH) led to a little complicated result (Table 5).  No matter 2k 
or 2l was used, dramatic decrease of diastereoselectivity of corresponding products was observed 
when using either MsOH or TfOH as catalyst (entry 1, 4, 6 and 7).  And from 2k and 2l, the 
same diatereomeric mixture was obtained (entry 1, 4 and 7).  However, when we shorten the 
reaction time, diastereoselectivity became higher (entry 2, 3 and 5).  It indicates that the 
products epimerize under such strong acidic condition.  To confirm this epimerization process, 
control experiment by treating product 4l in high dr value with strong acid was conducted 
(Scheme 12a).  As the result, significant decrease of dr value was observed for the recovered 4l.  
The epimerization was proposed via the same ion pair intermediate (Scheme 12b).  The 
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experimental results by using strong acid catalysts didn’t provide us in what extent they decrease 
the diastereoselectivity during reaction process.  But the epimerization of product can also give 
us some information that how important the directional interaction between cation and anion is in 
the stereospecific addition step. 
Table 5. Reaction of 2k and 2l with some achiral strong acid catalysts. 
 
Entry 2 4 Acid Time Yield (%)
[b]
 dr (4k:4l)
[c]
 
1
[e]
 2l 4l MsOH 1.5 h
 
83 (84) 45:55 
2 2l 4l MsOH 20 min 92 (89) 37:63 
3 2l 4l MsOH 1 min 95 8:92
[d]
 
4
[e]
 2l 4l TfOH 30 min 62 45:55
 
5 2l 4l TfOH 15 s 95 27.5:72.5
[d]
 
6 2k 4k MsOH 20 min 97 (87) 63:37 
7
[e]
 2k 4k TfOH 25 min 73 (72) 46:54 
[a] Unless otherwise noted, all reactions were carried out using 0.01 mmol of catalyst (10 mol%), 0.1 mmol of 2, 0.15 mmol of 
3a (1.5 equiv) in 1 mL CH2Cl2.  Reaction was quenched by adding about 0.1 mL of Et3N by syringe.  [b] NMR yield of 4. It 
was determined by crude 1H-NMR with CH2Br2 as the internal standard. Isolated yields are in parentheses.  [c] Diastereomeric 
excess of 4 was determined by crude 1H-NMR with CH2Br2 as the internal standard and chiral stationary phase HPLC analysis.  
[d] Determined by crude 1H-NMR with CH2Br2 as the internal standard.  [e] Unidentified high-polar byproducts mixture was 
observed around the origin of TLC. 
 
Scheme 12. Control experiment with strong acid catalysts 
After checking the effect of different achiral acid catalysts, we decided to conduct similar 
reaction in different solvent, especially in other non-polar solvent and some aprotic polar solvent.  
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That is because the forms of ion pair usually vary by changing solvent.
[14]
  In general, in 
non-polar solvent, ion pair is more likely to exist as contact ion pair; however, in polar solvent it 
tends to dissociate.  We assumed that by checking how solvent influence the diastereoselectivity 
of 4k and 4l, we may obtain some information about the reactive intermediate.  As shown in 
Table 6, reactions using substrate 2k and 2l with achiral phosphoric acid 1b were carried out in 
four kinds of solvents.  2l afforded product 4l in almost perfect diastereoselectivity in non-polar 
solvents, toluene and dichloromethane (entry 1 and 2).  However, decrease of dr value of 4l was 
obviously observed when the reaction was conducted in acetone and acetonitrile, which are aprotic 
polar solvent (entry 3 and 4).  Especially in acetonitrile, dr value of 4l reduced to 10:90 (4k:4l).  
Extending the reaction time from 2 hours to 24 hours didn’t lead to further erosion of 
diastereoselectivity of product (entry 4 and 5).  It indicates that the decrease of dr value is not 
because of the epimerization of product.  However, different from the results using 2l, when 
substrate 2k was used, the dr values of its product 4k in dicholoromethane and acetonitrile are 
similar (entry 6 and 7).  This result has similarity with that using different weak acid catalyst 
(Table 4, entry 6 and 7).  It may also imply that two intermediate generated from 2l and 2k are 
in different thermodynamic stability and the one generated from 2k is more stable than the one 
from 2l.  These results in different solvents may also suggest that fixed contact ion pair is more 
reasonable to be the intermediate (Scheme 11, INT-B) than the other two (Scheme 11, INT-A and 
INT-C). 
Table 6. Reaction of 2k and 2l with some 1b in different solvents. 
 
Entry 2 4 Solvent Yield (%)
[b]
 dr (4k:4l)
[c]
 Note 
1 2l 4l Toluene 96 (92) 1:99  
2 2l 4l CH2Cl2 89 2:98  
3 2l 4l Acetone 76 (78) 4:96 91% conversion 
4 2l 4l MeCN 87 (84) 10:90
 
 
5 2l 4l MeCN (81) 10:90 24 h 
6 2k 4k CH2Cl2 (97) 99:1  
7 2k 4k MeCN (78) 98.5:1.5  
[a] Unless otherwise noted, all reactions were carried out using 0.01 mmol of catalyst (10 mol%), 0.1 mmol of 2, 0.15 mmol of 
3a (1.5 equiv) in 1 mL CH2Cl2.  Reaction was quenched by adding about 0.1 mL of Et3N by syringe.  [b] NMR yield of 4. It 
was determined by crude 1H-NMR with CH2Br2 as the internal standard. Isolated yields are in parentheses.  [c] Diastereomeric 
excess of 4 was determined by crude 1H-NMR with CH2Br2 as the internal standard and chiral stationary phase HPLC analysis. 
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2-4. Calculation Study (By collaboration with Prof. Toshinobu Korenaga in Iwate University) 
From the mechanistic study above, we found that this reaction proceeds through an unexpected 
and unprecedented enantioselective 1,2-sulfur rearrangement/stereospecific nucleophilic addition 
sequence.  This mechanism is completely different from conventional mechanistic expectation 
that 1,2-sulfur rearrangement is followed by an enantioselective nucleophilic addition under the 
influence of chiral phosphate counteranion.  In addition, we found that in this reaction 
nucleophile interact with phosphoric acid catalyst from the beginning instead of after the 
generation of reactive intermediate.  It is also different from the mechanism usually proposed for 
two-step reactions in which nucleophile does not involve in the generation of reactive cationic 
intermediate. 
To identify the structure of reactive intermediate, experimental study by using acid catalysts 
with different acidities and using different solvents were attempted (Table 4, 5 and 6).  The 
result may imply that fixed contact ion pair of ring expanded thionium ion and phosphate anion is 
the intermediate (Scheme 11, INT-B).  However the experimental evidence is not strong enough 
to completely rule out other pathways.  So, we conducted DFT calculation to understand the 
reaction mechanism and identify the reactive intermediate and reaction pathway.  To simplify the 
calculation, we used standard substrate 2a, pyrrole 3a and phosphoric acid 1c with a biphenol 
backbone for model study (Scheme 13). 
All calculations were performed with the Gaussian 09 package (Revision C.01).
[15]
  The 
geometries were optimized and characterized using frequency calculations at M062X/6-31G(d, p) 
level.
[16]
  The energies in solution-phase were calculated using single-point energy calculations at 
the same level according to CPCM solvation model for the optimized structure.
[17]
 
 
Scheme 13. Model reaction for calculation. 
As the structure of 1c is chiral, the generation of major enantiomer (R)-4a is calculated here. 
From the results of mechanistic study above, we knew that pyrrole is involved from the first step.  
So, we added pyrrole into calculation from the beginning. 
The energy profile is shown in Figure 2.  The highest energy barrier is the first step, 1,2-sulfur 
migration with elimination of leaving group (TS-1).  It indicates that this step is rate-determining 
step.  After this transition state, it affords ring-expanded thionium ion pair intermediate (INT-1).  
However, the stable structure of episulfonium ion pair was not observed during the process from 
TS-1 to INT-1.
[4,18]
  After leaving of trichloroacetamide, a little more reactive contact ion pair 
intermediate is generated (INT-2).  Followed by a small energy barrier, 3.4 kcal/mol, nucleophilic 
addition takes place smoothly to afford the C-C bond formation intermediate INT-4.  After 
proton shift to aromatize, addition product is afforded.  From INT-2, C-O bond formation to form 
a phosphate adduct INT-3 may also proceed easily.  The energy level of this intermediate is much 
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lower than INT-2, but similar with INT-4.  Moreover, INT-3 was not observed when monitoring 
the reaction by NMR (Figure 1).  From INT-3, the calculating optimization of transition state of 
concerted syn-replacement failed.
[19]
  It means that INT-3 probably is a resting state in the 
reaction.  It goes back to INT-2 and forms addition product via the same pathway.
[2b]
  So, from 
this calculation result, we knew that the key reactive intermediate is fixed contact ion pair of 
ring-expanded thionium and phosphate (INT-2), which is responsible for stereospecific addition. 
 Figure 2. Energy profile of model reaction. 
In this energy profile, three important structures were carefully analyzed.  They are transition 
state of sulfur rearrangement TS-1, key intermediate INT-2 and transition state of nucleophilic 
addition TS-2. 
 
Figure 3. 3D structure of TS-1. 
The 3D structure of TS-1 is shown in Figure 3.  1,3-dithiane adopts chair-like conformation 
with the leaving group, trichloroacetimidate, at the axial position.  Phosphoric acid 1c protonates 
on the nitrogen atom of leaving group, while forming hydrogen bonds with pyrrole.  More 
importantly, 1c also forms three C-H-O hydrogen bonds with 1,3-dithiane in a triangular pyramid 
structure.  We assume that these C-H-O hydrogen bonds makes positive charge on substrate and 
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negative charge on phosphate in more proximity thus reduce the degree of charge separation in 
this SN2 transition state and decrease the activation energy.
[A]
 
From this structure, we can rationalize the substituent effect in this reaction: the substituent 
group at the 5-position cis to leaving group has large influence on enantio-selectivity, but the trans 
one and the group at the 2-position has little influence (Table 2 and Scheme 3).  We can observe 
that the distance between the hydrogen atom at 5-position cis to leaving group and one oxygen 
atom of phosphate is 2.56 Å, which is smaller than the sum of the Van der Waals radii of both 
atoms, 2.72 Å.  We can image when other groups, such as methyl of benzyl, replace the position 
of this hydrogen, marked influence of the structure of transition state can be expected, thus lead to 
change of enantioselectivity.  On the other hand, the substituent groups at 2-position and 
5-position which is trans to leaving group are far away from phosphoric acid.  That is in accord 
with the experimental results that by changing the substitutions at these two positions very little 
influence to enantioselectivity was observed. 
Except for the explanation of substituent effect, we can also rationalize the different reactivity 
between substrate 2k and 2l (Scheme 3) from the structure of this transition state.  From 
experimental results, we know that 2k is more reactive than 2l.  As shown in Scheme 14, if we 
think about the favored conformer of 2k and 2l.  We can conclude that in the case of 2k, the 
conformer with leaving group at axial position (2k-a) should be more stable than the one with 
leaving group at equatorial position (2k-e).  That is because in 2k-a, two of three substituents on 
                                                              
[A] The axial and equatorial orientations of leaving group in this transition state were investigated without 
attaching pyrrole.  The geometries were optimized and characterized using frequency calculations at ONIOM 
(mp2/6-31g(d):b3lyp/6-31g(d)) level.  As shown in Scheme Aa, the most favored transition state is TS-a-in, in 
which 1,3-dithiane adopts a chair-like conformation with leaving group at axial position and phosphoric acid is in 
proximity to 1,3-dithiane.  In TS-e-in and TS-e-out, the leaving groups were in equatorial orientation in the 
initial structures for calculation.  However, the 1,3-dithiane changed to boat conformation with leaving group at 
axial position after optimization.  It indicates that axial orientation is more favorable than equatorial orientation in 
this transition state.  The 3D-structure of TS-a-in is shown in Scheme Ab, three C-H-O hydrogen bonds between 
substrate and phosphoric acid are clearly observed.  This C-H-O hydrogen bonds may reduce the degree of charge 
separation in this transition state, thus decrease its activation energy. 
 
Scheme A. Model study for initial orientation of phosphoric acid and substrate. 
 
Chapter 3. Chiral Phosphoric Acid-Catalyzed Enantioselective Synthesis of 1,4-Dithiepanes from Ring-Expansion Reaction of 
1,3-Dithiane Derivatives: Reaction and Mechanistic Insight 
57 
1,3-dithiane are in equatorial orientation; while in 2k-e, only one substituent is in equatorial 
orientation.  For the same reason, 2l-e, in which leaving group locates at the equatorial position 
should be the stable conformer for substrate 2l.  Calculation result have already demonstrated 
that in the favored transition state of 1,2-sulfur rearrangement, leaving group locates at the axial 
position.  That means for substrate 2k, the favored conformer, 2k-a, is the reactive conformer; 
however, for 2l, the disfavored conformer, 2l-a, is the reactive conformer.  That’s why 2k shows 
higher reactivity than 2l. 
 
Scheme 14. Possible reason for different reactivity of 2k and 2l. 
 
 
Figure 4. 3D structure of INT-2 and TS-1. 
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From TS-1 via INT-1 to INT-2, the triangular pyramid shaped three C-H-O hydrogen bonds 
keep the relative position of phosphate and seven-membered thionium ion.  After elimination of 
trichloroacetamide from INT-1, pyrrole comes close to thionium directed by the hydrogen bond 
with phosphate to afford INT-2 (Figure 4a).  INT-2 is the key intermediate and are responsible 
for the highly stereospecific addition.  Beside the C-H-O hydrogen bonds and the directing effect 
of phosphate anion, the hyperconjugation, (S
1
-C)-*(S
2
=C), is also a critical factor for 
stereospecific addition.
[18]
  Because of this orbital interaction, it is stereo-electronic preferred for 
attack to thionium antiperiplanar to the other sulfur atom.
[20]
  And also because of the 
hyperconjugation, the conformation of thionium ion becomes relatively restricted with dihedral 
angle of S
1
-C-C=S
2
 to be 74.1º.  This restricted conformation actually further favored its 
hydrogen bonding interactions between phosphate counter anion.  So, the C-H-O hydrogen bonds, 
the directing effect of phosphate anion and the hyperconjugation within thionium are synergistic 
for the highly stereospecific addition. 
TS-2 is a low-energy Felkin-Anh-like transition state, with *(S
1
-C)-(C-C)formation 
hyperconjugation to stabilize it.
[20]
  The structure of TS-2 is close to INT-2.  As shown in 
Figure 4b, we can see only a little change of their relative positions compared with INT-2.  
Phosphate ion rotates a small angle to direct pyrrole closer to electrophilic carbon.  And at the 
same time, it makes another oxygen atom of phosphate closer to thionium, thus change the pattern 
of three C-H-O hydrogen bonds. 
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3. Summary 
In conclusion, we developed a novel enantioselective synthesis of 1,4-dithiepane from ring 
expansion of 1,3-dithane derivatives catalyzed by chiral phosphoric acid (Scheme 15).  More 
importantly, we found that this reaction proceed through an unexpected and unprecedented 
enantioselective 1,2-sulfur rearrangement/stereospecific nucleophilic addition sequence.  This 
mechanism is completely different from conventional expectation that 1,2-sulfur rearrangement 
followed is by an enantioselective nucleophilic addition.  In addition, different from the 
mechanism usually proposed for two-step reactions, we found that the nucleophile interact with 
phosphoric acid catalyst from the beginning instead of after the generation of reactive intermediate.  
In this stereospecific nucleophilic addition step, the counteranion, phosphate, doesn’t show steric 
effect to force the nucleophile selectively come from the opposite side.  Instead, it forms 
hydrogen bond with the nucleophile and selectively directs nucleophile to the thionium cation 
from the same side of it. 
 
Scheme 15. Enantioselective synthesis of 1,4-dithiepane from 1,3-dithiane derivatives 
through enantioselective 1,2-sulfur rearrangement/stereospecific addition sequence. 
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5. Experimental Section 
 
Content: 
1. General Information. 
2. Preparation of Substrates. 
3. Preparation of chiral phosphoric acid catalyst Cl-(R)-1a. 
4. Chiral phosphoric acid-catalyzed enantioselecitive synthesis of 1,4-dithiepane via ring expansion of 1,3-dithiane derivatives. 
5. Determination of absolute configuration by X-ray crystallographic analysis. 
6. Some initial optimization of reaction condition. 
7. DFT calculation: Cartesian coordinates of intermediates and transition states. 
8. NMR and HPLC charts. 
 
1. General Information. 
Infrared spectra were recorded on a Jasco FT/IR-4100 spectrometer. Data are reported as follows: frequency (in wavenumbers), 
relative strength (vs = very strong, s = strong, m = medium, w = weak, br = broad).  1H NMR spectra were recorded on JEOL 
ECS-400 (399.8 MHz) and JEOL ECA-600 (600.2 MHz) spectrometer.  Chemical shifts are reported in ppm from tetramethylsilane 
(TMS) or solvent resonance as the internal standard (CDCl3: referenced to TMS, C6D6: 7.16 ppm).  Data are reported as follows: 
chemical shift, multiplicity (s = singlet, brs = broad singlet, d = doublet, t = triplet, q = quartet, hept = heptlet, m = multiplet, dd = 
doublet of doublets, td = triplet of doublets, ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet of doublets) 
coupling constants (Hz), and integration.  13C NMR spectra were recorded on a JEOL ECA-600 (150.9 MHz) spectrometer with 
complete proton decoupling.  Chemical shifts are reported in ppm from the solvent resonance as the internal standard (CDCl3: 77.0 
ppm).  31P NMR spectra were recorded on a JEOL ECA-600 (243.0 MHz) spectrometer with complete proton decoupling.  Chemical 
shifts are reported in ppm with 85% H3PO4 solution as an external standard (0.0 ppm in CDCl3).  NMR monitoring was conducted on 
a?Bruker BioSpin AVANCEⅢ 700 spectrometer at the Research and Analytical Center for Giant Molecules, Graduate School of 
Science, Tohoku University.  Analytical thin layer chromatography (TLC) was performed on Merck precoated TLC plates (silica gel 
60 GF254, 0.25 mm).  Flash column chromatography was performed on silica gel 60 N (Merck 40-63 m).  Optically rotations were 
measured on a Jasco P-1020 digital polarimeter with a sodium lamp and reported as follows; [] T ºC D (c = g/100 mL, solvent).  
Chiral stationary HPLC analysis was performed on a Jasco LC-2000 Plus Series system with DACIEL chiral analytical column (4.6 
mm * 250 mmL).  Mass spectra analysis using ESI and APCI ionization method was performed on a Bruker Daltonics solariX 9.4T 
spectrometer at the Research and Analytical Center for Giant Molecules, Graduate School of Science, Tohoku University.  Mass 
spectra analysis using FAB ionization method was performed on a JEOL JMS 700 spectrometer at Technical Division, School of 
Engineering, Tohoku University.  X-ray crystallography analysis was carried out using a Rigaku (VariMax with RAPID) CCD-X ray 
diffractometer at the Research and Analytical Center for Giant Molecules, Graduate School of Science, Tohoku University. 
Unless otherwise noted, all reactions were carried out under argon or nitrogen atmosphere in dried glassware.  All substrates 
were purified by column chromatography to use.  Dichloromethane (CH2Cl2), diethyl ether (Et2O), Toluene and tetrahydrofuran 
(THF) were supplied from Kanto Chemical Co., Inc. as “Dehydrated solvent system”.  Other solvents were purchased from Wako 
Pure Chemical Industries, Ltd. as “Super dehydrated solvent” and used under nitrogen or argon atmosphere.  Reagents were 
purchased from commercial suppliers and used without further purification.  The other simple chemicals were used as such. 
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2. Preparation of Substrates. 
(2a) 
 
S1 to S2:  To a stirred solution of S1 (819.2 mg, 4.17 mmol) in THF (10 mL) was added dropwise a 1.60 mol/L solution of n-BuLi in 
n-Hexane (2.6 mL, 4.2 mmol) at -78 °C.  After stirring for 1 h at -78 °C, paraformaldehyde powder (150.0 mg, 5.00 mmol) was added 
under N2 atmosphere.  The mixture was slowly raised to 0 °C and stirred at the same temperature for 5 h, and then quenched by water 
and extracted with Et2O.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated.  
After purification by flash column chromatography on silica gel (n-Hexane/EtOAc = 20/1 to 5/1 as eluent), compound S2 (845.8 mg, 
3.74 mmol) was obtained in 89% yield as a white solid. 
S2: White solid.  Rf = 0.15 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 7.87-7.84 (m, 2H), 7.40-7.36 (m, 2H), 7.30 (tt, J = 7.2, 1.5 Hz, 1H), 4.06 (s, 2H), 2.94 (ddd, J = 14.5, 
9.5, 3.0 Hz, 2H), 2.71 (ddd, J = 14.5, 7.6, 3.0 Hz, 2H), 2.13 (brs, 1 H), 2.12-2.06 (m, 1H), 2.01-1.94 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 139.5, 128.6, 128.5, 128.1, 66.1, 58.9, 27.2, 24.5 
IR (ATR): 3437 (br, s), 3056 (m), 3022 (w), 2933 (m), 2904 (s), 2828 (w), 1595 (w), 1495 (m), 1485 (m), 1444 (m), 1422 (m), 1380 
(m), 1333 (w), 1276 (m), 1242 (w), 1220 (w), 1184 (w), 1060 (s), 992 (m), 907 (m), 874 (w), 849 (w), 810 (w) cm-1. 
HRMS (ESI) Calcd for C11H14NaOS2 ([M + Na]
+) 249.0378, Found 249.0379. 
 
S2 to 2a:  To a stirred solution of S2 (510.7 mg, 2.26 mmol) and Cl3CCN (0.45 mL, 4.5 mmol) in CH2Cl2 (5 mL) was added NaH 
powder (18.2 mg, 60% with paraffin liquid, 0.46 mmol) in one portion at 0 °C.  After stirring for 1 h at the same temperature, the 
reaction mixture was quenched by water and extracted with CH2Cl2.  The combined organic layers were dried over Na2SO4, filtered, 
and concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc/Et3N = 100/3/1 to 100/5/1 as 
eluent), compound 2a (764.8 mg, 2.06 mmol) was obtained in 91% yield as a white solid. 
2a: White solid.  Rf = 0.50 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 8.32 (s, 1H), 7.93-7.90 (m, 2H), 7.39-7.35 (m, 2H), 7.29 (tt, J = 7.4, 1.4 Hz, 1H), 4.78 (s, 2H), 2.99 
(ddd, J = 14.5, 8.4, 3.0 Hz, 2H), 2.75 (ddd, J = 14.5, 8.4, 3.0 Hz, 2H), 2.12-2.05 (m, 1H), 2.02-1.95 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 162.5, 139.3, 128.6, 128.4, 127.9, 91.1, 72.6, 56.3, 27.5, 24.6 
IR (ATR): 3340 (m), 3056 (w), 2947 (m), 2907 (m), 2830 (m), 1662 (vs), 1496 (w), 1487 (w), 1445 (m), 1423 (m), 1371 (m), 1303 (s), 
1276 (s), 1079 (s), 1027 (m), 1006 (m), 995 (m), 908 (w), 848 (w), 823 (m) cm-1. 
HRMS (ESI) Calcd for C13H14Cl3NNaOS2 ([M + Na]
+) 391.9475, Found 391.9475. 
  
Chapter 3. Chiral Phosphoric Acid-Catalyzed Enantioselective Synthesis of 1,4-Dithiepanes from Ring-Expansion Reaction of 1,3-Dithiane 
Derivatives: Reaction and Mechanistic Insight 
65 
 
(2b) 
 
S3 to S4:  To a stirred solution of S3 (1053.8 mg, 5.01 mmol) in THF (10 mL) was added dropwise a 1.63 mol/L solution of n-BuLi 
in n-Hexane (3.7 mL, 6.0 mmol) at -78 °C.  After stirring for 1 h at -78 °C, paraformaldehyde powder (225 mg, 7.5 mmol) was added 
under N2 atmosphere.  The mixture was slowly raised to room temperature and stirred at the same temperature for 10 h, and then 
quenched by water and extracted with Et2O.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc = 10/1 to 6/1 as eluent), compound 
S4 (1058.9 mg, 4.41 mmol) was obtained in 88% yield as a white solid. 
S4: White solid.  Rf = 0.15 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 7.73 (d, J = 7.8 Hz, 2H), 7.18 (d, J = 7.8 Hz, 2H), 4.04 (d, J = 6.6 Hz, 2H), 2.94 (ddd, J = 15.0, 9.6, 3.0 
Hz, 2H), 2.71 (ddd, J = 15.0, 7.8, 3.0 Hz, 2H), 2.34 (s, 3H), 2.12 (t, J = 6.6 Hz, 1H), 2.11-2.05 (m, 1H), 2.01-1.93 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 137.9, 136.4, 129.3, 128.3, 66.0, 58.6, 27.2, 24.5, 21.0 
IR (ATR): 3442 (br, s), 3024 (m), 2905 (s), 2828 (m), 1612 (w), 1510 (m), 1421 (m), 1379 (m), 1330 (m), 1276 (m), 1242 (m), 1223 
(m), 1187 (m), 1116 (w), 1064 (s), 1005 (m), 907 (w), 876 (w), 816 (m) cm-1. 
HRMS (ESI) Calcd for C12H16NaOS2 ([M + Na]
+) 263.0535, Found 263.0535. 
 
S4 to 2b:  To a stirred solution of S4 (836.8 mg, 3.48 mmol) and Cl3CCN (0.52 mL, 5.2 mmol) in CH2Cl2 (10 mL) was added NaH 
powder (28.0 mg, 60% with paraffin liquid, 0.70 mmol) in one portion at 0 °C.  After stirring for 2 h at the same temperature, the 
reaction mixture was quenched by water and extracted with CH2Cl2.  The combined organic layers were dried over Na2SO4, filtered, 
and concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc/Et3N = 100/5/1 as eluent), 
compound 2a (1330.0 mg, 3.46 mmol) was obtained in 99% yield as a white solid. 
2b: White solid.  Rf = 0.50 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 8.32 (s, 1H), 7.78 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 4.78 (s, 2H), 2.99 (ddd, J = 14.4, 8.7, 
3.0 Hz, 2H), 2.73 (ddd, J = 14.4, 8.1, 3.0 Hz, 2H), 2.34 (s, 3H), 2.11-2.04 (m, 1H), 2.01-1.94 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 162.6, 137.7, 136.3, 129.1, 128.4, 91.1, 72.3, 56.0, 27.5, 24.6, 21.0 
IR (ATR): 3343 (m), 3026 (w), 2909 (m), 2830 (w), 1662 (vs), 1511 (m), 1454 (m), 1423 (m), 1370 (m), 1303 (s), 1275 (s), 1191 (w), 
1174 (w), 1083 (s), 1043 (m), 1019 (m), 1006 (m), 994 (m), 908 (w), 874 (w), 853 (w), 823 (m) cm-1. 
HRMS (ESI) Calcd for C14H16Cl3NNaOS2 ([M + Na]
+) 405.9631, Found 405.9631. 
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(2c) 
 
S5 to S6:  To a stirred solution of S5 (1156.6 mg, 5.01 mmol) in THF (10 mL) was added dropwise a 1.63 mol/L solution of n-BuLi 
in n-hexane (3.7 mL, 6.0 mmol) at -78 °C.  After stirring for 1 h at -78 °C, paraformaldehyde powder (225 mg, 7.5 mmol) was added 
under N2 atmosphere.  The mixture was slowly raised to room temperature and stirred at the same temperature for 10 h, and then 
quenched by water and extracted with Et2O.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc = 10/1 to 8/1 as eluent), compound 
S6 (1269.9 mg, 4.87 mmol) was obtained in 97% yield as a light yellow oil. 
S6: light yellow oil.  Rf = 0.15 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 7.80 (d, J = 8.9 Hz, 2H), 7.34 (d, J = 8.9 Hz, 2H), 4.02 (d, J = 6.6 Hz, 2H), 2.93 (ddd, J = 14.4, 9.4, 3.0 
Hz, 2H), 2.69 (ddd, J = 14.4, 7.6, 3.0 Hz, 2H), 2.18 (t, J = 6.6 Hz, 1H), 2.11-2.05 (m, 1H), 2.01-1.93 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 138.2, 134.0, 130.1, 128.6, 66.0, 58.3, 27.2, 24.3 
IR (ATR): 3449 (br, s), 2934 (m), 2906 (s), 2828 (w), 1590 (w), 1490 (s), 1482 (s), 1422 (m), 1393 (m), 1276 (m), 1242 (w), 1185 (w), 
1094 (s), 1064 (m), 1011 (s), 907 (w), 877 (w), 821 (w), 807 (w) cm-1. 
HRMS (ESI) Calcd for C11H13ClNaOS2 ([M + Na]
+) 282.9989, Found 282.9988. 
 
S6 to 2c:  To a stirred solution of S6 (842.3 mg, 3.23 mmol) and Cl3CCN (0.49 mL, 4.9 mmol) in CH2Cl2 (10 mL) was added NaH 
powder (26.0 mg, 60% with paraffin liquid, 0.65 mmol) in one portion at 0 °C.  After stirring for 2 h at the same temperature, the 
reaction mixture was quenched by water and extracted with CH2Cl2.  The combined organic layers were dried over Na2SO4, filtered, 
and concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc/Et3N = 100/3/1 to 100/5/1 as 
eluent), compound 2c (1155.4 mg, 2.85 mmol) was obtained in 88% yield as a colorless oil. 
2c: colorless oil.  Rf = 0.45 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 8.34 (s, 1H), 7.87 (d, J = 9.0 Hz, 2H), 7.34 (d, J = 9.0 Hz, 2H), 4.74 (s, 2H), 2.96 (ddd, J = 14.4, 8.0, 
3.0 Hz, 2H), 2.72 (ddd, J = 14.4, 8.6, 3.0 Hz, 2H), 2.11-2.04 (m, 1H), 2.02-1.95 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 162.3, 138.0, 133.9, 130.2, 128.5, 91.0, 72.4, 55.9, 27.4, 24.5 
IR (ATR): 3340 (m), 2936 (m), 2907 (m), 2830 (w), 1663 (vs), 1592 (w), 1491 (m), 1483 (m), 1455 (m), 1423 (m), 1394 (m), 1370 (m), 
1301 (s), 1275 (s), 1174 (w), 1080 (s), 1042 (m), 1012 (s), 995 (m), 908 (w), 874 (w), 827 (m) cm-1. 
HRMS (ESI) Calcd for C13H13Cl4NNaOS2 ([M + Na]
+) 425.9085, Found 425.9085. 
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(2d) 
 
S7 to S8:  To a stirred solution of S7 (2728 mg, 10.0 mmol) in THF (45 mL) was added dropwise a 1.60 mol/L solution of n-BuLi in 
n-hexane (6.6 mL, 10.6 mmol) at -78 °C.  After stirring for 1 h at -78 °C, paraformaldehyde powder (450.5 mg, 15.0 mmol) was 
added under N2 atmosphere.  The mixture was slowly raised to 0 °C and stirred at the same temperature for 4 h, and then quenched by 
water and extracted with Et2O.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated.  
After purification by flash column chromatography on silica gel (n-Hexane/EtOAc = 10/1 to 5/1 as eluent), compound S8 (2420 mg, 
8.0 mmol) was obtained in about 80% yield, as a white solid. (Most part of product contain very small amount of unknown impurity, 
collect pure part for characterization and use impure part for synthesis of 2d) 
S8: white solid.  Rf = 0.15 (n-Hexane/EtOAc = 4/1) 
1H NMR (600 MHz, CDCl3) δ 7.92 (d, J = 8.7 Hz, 2H), 7.61-7.57 (m, 4H), 7.44 (t, J = 7.8 Hz, 2H), 7.35 (tt, J = 7.8, 1.2 Hz, 1H), 4.09 
(d, J = 6.9 Hz, 2H), 2.96 (ddd, J = 14.6, 9.6, 3.0 Hz, 2H), 2.74 (ddd, J = 14.6, 7.4, 3.0 Hz, 2H), 2.22 (t, J = 6.9 Hz, 1H), 2.13-2.06 (m, 
1H), 2.03-1.95 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 140.9, 140.4, 138.5, 128.9, 128.8, 127.5, 127.2, 127.1, 66.0, 58.6, 27.2, 24.5 
IR (ATR): 3449 (br, s), 3056 (m), 3028 (m), 2906 (s), 1725 (w), 1677 (w), 1600 (m), 1517 (w), 1485 (s), 1448 (m), 1422 (m), 1331 (w), 
1277 (m), 1240 (w), 1187 (w), 1119 (w), 1065 (m), 1007 (m), 908 (w), 829 (w) cm-1. 
HRMS (ESI) Calcd for C17H18NaOS2 ([M + Na]
+) 325.0691, Found 325.0691. 
 
S8 to 2d:  To a stirred solution of S8 (with small amount of unknown impurity) (1206.9 mg, 3.99 mmol) and Cl3CCN (0.80 mL, 8.0 
mmol) in CH2Cl2 (10 mL) was added NaH powder (32.5 mg, 60% with paraffin liquid, 0.81 mmol) in one portion at 0 °C.  After 
stirring for 2 h at the same temperature, the reaction mixture was quenched by water and extracted with CH2Cl2.  The combined 
organic layers were dried over Na2SO4, filtered, and concentrated.  After purification by flash column chromatography on silica gel 
(n-Hexane/EtOAc/Et3N = 100/3/1 to 100/5/1 as eluent), compound 2d (1014.1 mg, 2.27 mmol) was obtained in 57% yield as a white 
solid. 
2d: white solid.  Rf = 0.35 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 8.34 (s, 1H), 8.00-7.96 (m, 2H), 7.61-7.57 (m, 4H), 7.45-7.41 (m, 2H), 7.35 (tt, J = 7.4, 1.4 Hz, 1H), 
4.82 (s, 2H), 3.01 (ddd, J = 14.4, 8.6, 3.1 Hz, 2H), 2.78 (ddd, J = 14.4, 8.2, 3.1 Hz, 2H), 2.14-2.06 (m, 1H), 2.04-1.96 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ?162.5, 140.7, 140.4, 138.4, 129.0, 128.8, 127.4, 127.1, 127.0, 91.1, 72.5, 56.1, 27.5, 24.6 
IR (ATR): 3339 (m), 3056 (w), 3030 (m), 2951 (m), 2907 (m), 2829 (w), 1663 (vs), 1600 (w), 1485 (m), 1448 (w), 1422 (m), 1371 (m), 
1303 (s), 1276 (m), 1085 (s), 1046 (m), 1007 (m), 995 (m), 908 (w), 826 (m) cm-1. 
HRMS (ESI) Calcd for C19H18Cl3NNaOS2 ([M + Na]
+) 467.9788, Found 467.9787. 
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(2e) 
 
S9 to S10:  To a stirred solution of S9 (2144 mg, 10.0 mmol) in THF (15 mL) was added dropwise a 1.60 mol/L solution of n-BuLi in 
n-hexane (6.6 mL, 10.6 mmol) at -78 °C.  After stirring for 1 h at -78 °C, paraformaldehyde powder (450.5 mg, 15.0 mmol) was 
added under N2 atmosphere.  The mixture was slowly raised to 0 °C and stirred at the same temperature for 4 h, and then quenched by 
water and extracted with Et2O.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated.  
After purification by flash column chromatography on silica gel (n-Hexane/EtOAc = 10/1 to 5/1 as eluent), compound S10 (1.98 g, 8.1 
mmol) was obtained in 81% yield as a light yellow oil. 
S10: light yellow oil.  Rf = 0.15 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 7.83 (td, J = 8.1, 1.8 Hz, 1H), 7.33-7.29 (m, 1H), 7.15 (td, J = 7.6, 1.2 Hz, 1H), 7.06 (ddd, J = 12.6, 8.1, 
1.2 Hz, 1H), 4.24 (d, J = 6.9 Hz, 2H), 3.01 (ddd, J = 14.4, 9.4, 3.4 Hz, 2H), 2.75 (ddd, J = 14.4, 6.9, 3.4 Hz, 2H), 2.29 (t, J = 6.9 Hz, 
1H), 2.11-2.05 (m, 1H), 2.03-1.96 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 160.8 (d, J = 252.8 Hz), 131.3 (d, J = 3.0 Hz), 130.2 (d, J = 8.6 Hz), 126.5 (d, J = 8.6 Hz), 124.0 (d, J 
= 4.4 Hz), 117.1 (d, J = 24.3 Hz), 64.9 (d, J = 5.9 Hz), 56.5 (d, J = 4.4 Hz), 26.9, 24.1 
IR (ATR): 3449 (br, s), 3068 (w), 2908 (m), 2829 (w), 1608 (w), 1576 (w), 1486 (s), 1478 (s), 1445 (s), 1423 (m), 1381 (w), 1277 (m), 
1216 (m), 1174 (m), 1107 (w), 1061 (m), 1025 (w), 990 (w), 908 (w), 879 (w), 835 (w) cm-1. 
HRMS (ESI) Calcd for C11H13FNaOS2 ([M + Na]
+) 267.0284, Found 267.0284. 
 
S10 to 2e:  To a stirred solution of S10 (566.5 mg, 2.32 mmol) and Cl3CCN (0.46 mL, 4.6 mmol) in CH2Cl2 (10 mL) was added NaH 
powder (26.3 mg, 60% with paraffin liquid, 0.66 mmol) in one portion at 0 °C.  After stirring for 1 h at the same temperature, the 
reaction mixture was quenched by water and extracted with CH2Cl2.  The combined organic layers were dried over Na2SO4, filtered, 
and concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc/Et3N = 100/4/1 to 100/6/1 as 
eluent), compound 2e (849.5 mg, 2.19 mmol) was obtained in 94% yield as a colorless oil. 
2e: colorless oil.  Rf = 0.45 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 8.31 (s, 1H), 7.94 (td, J = 8.1, 1.8 Hz, 1H), 7.33-7.27 (m, 1H), 7.15 (td, J = 7.8, 1.0 Hz, 1H), 7.04 (ddd, 
J = 12.6, 8.1, 1.0 Hz, 1H), 5.05 (s, 2H), 3.08 (ddd, J = 14.4, 8.4, 3.6 Hz, 2H), 3.80 (ddd, J = 14.4, 7.2, 3.6 Hz, 2H), 2.14-1.95 (m, 
2H) 
13C NMR (150 MHz, CDCl3) δ 162.4, 160.7 (d, J = 251.1 Hz), 131.6 (d, J = 3.0 Hz), 130.1 (d, J = 8.6 Hz), 126.4 (d, J = 9.6 Hz), 
123.8 (d, J = 3.8 Hz), 116.8 (d, J = 24.0 Hz), 91.0, 71.6 (d, J = 6.6 Hz), 53.8 (d, J = 4.8 Hz), 27.2, 24.2 
IR (ATR): 3340 (m), 3077 (w), 3033 (w), 2910 (m), 2830 (w), 1662 (vs), 1609 (w), 1577 (w), 1486 (m), 1479 (m), 1446 (m), 1423 (m), 
1370 (m), 1297 (s), 1277 (s), 1219 (m), 1081 (s), 1042 (m), 1008 (m), 995 (m), 909 (w), 878 (w), 864 (w), 823 (m) cm-1. 
HRMS (ESI) Calcd for C13H13Cl3FNNaOS2 ([M + Na]
+) 409.9380, Found 409.9380. 
  
Chapter 3. Chiral Phosphoric Acid-Catalyzed Enantioselective Synthesis of 1,4-Dithiepanes from Ring-Expansion Reaction of 1,3-Dithiane 
Derivatives: Reaction and Mechanistic Insight 
69 
 
(2f) 
 
S11 to S12:  To a stirred solution of S11 (1.051 g, 4.1 mmol) in THF (15 mL) was added dropwise a 1.55 mol/L solution of n-BuLi in 
n-hexane (2.7 mL, 4.2 mmol) at -78 °C.  After stirring for 40 min at -78 °C, paraformaldehyde powder (185 mg, 6.2 mmol) was 
added under N2 atmosphere.  The mixture was slowly raised to room temperature and stirred at the same temperature for 5 h, and then 
quenched by water and extracted with Et2O.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc = 5/1 to 3/1 as eluent), compound 
S12 (1.146 g, 4.0 mmol) was obtained in 98% yield as a colorless oil. 
S12: colorless oil.  Rf = 0.30 (n-Hexane/EtOAc = 2/1). 
1H NMR (600 MHz, CDCl3) δ 7.07 (d, J = 2.1 Hz, 2H), 6.41 (t, J = 2.1 Hz, 1H), 3.98 (d, J = 6.9 Hz, 2H), 3.81 (s, 6H), 2.90 (ddd, J = 
14.4, 8.2, 3.0 Hz, 2H), 2.74 (ddd, J = 14.4, 8.2, 3.0 Hz, 2H), 2.09 (t, J = 6.9 Hz, 1H), 2.07-2.02 (m, 1H), 2.01-1.95 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 160.9, 142.0, 106.8, 99.9, 67.3, 59.6, 55.4, 27.3, 24.5 
IR (ATR): 3475 (br, m), 3000 (w), 2938 (m), 2905 (m), 2835 (m), 2905 (m), 2835 (m), 1591 (s), 1455 (s), 1421 (s), 1381 (w), 1338 (m), 
1308 (m), 1289 (m), 1240 (w), 1203 (s), 1152 (s), 1069 (s), 1035 (m), 995 (m), 928 (w), 908 (w), 835 (m) cm-1. 
HRMS (ESI) Calcd for C13H18NaO3S2 ([M + Na]
+) 309.0590, Found 309.0589. 
 
S12 to 2f:  To a stirred solution of S12 (962.8 mg, 3.36 mmol) and Cl3CCN (0.67 mL, 6.7 mmol) in CH2Cl2 (15 mL) was added NaH 
powder (25.5 mg, 60% with paraffin liquid, 0.64 mmol) in one portion at 0 °C.  After stirring for 3 h at the same temperature, the 
reaction mixture was quenched by water and extracted with CH2Cl2.  The combined organic layers were dried over Na2SO4, filtered, 
and concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc/Et3N = 100/4/1 to 100/6/1 as 
eluent), compound 2f (1155.5 mg, 2.68 mmol) was obtained in 80% yield as a white solid. 
2f: White solid.  Rf = 0.30 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 8.33 (s, 1H), 7.15 (d, J = 2.1 Hz, 2H), 6.40 (t, J = 2.1 Hz, 1H), 4.71 (s, 2H), 3.80 (s, 6H), 2.95 (ddd, J = 
14.4, 7.8, 3.2 Hz, 2H), 2.77 (ddd, J = 14.4, 8.8, 3.2 Hz, 2H), 2.09-2.02 (m, 1H), 2.01-1.5 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 162.4, 160.7, 141.8, 106.9, 100.1, 91.0, 73.0, 56.7, 55.4, 27.5, 24.6 
IR (ATR): 3331 (m), 3000 (w), 2937 (m), 2906 (m), 2835 (m), 1663 (s), 1592 (vs), 1455 (s), 1422 (s), 1370 (m), 1339 (m), 1302 (s), 
1277 (m), 1204 (s), 1155 (s), 1092 (m), 1070 (m), 1039 (m), 995 (m), 930 (w), 909 (w), 828 (m) cm-1. 
HRMS (ESI) Calcd for C15H18Cl3NNaOS2 ([M + Na]
+) 451.9686, Found 451.9686. 
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(2g) 
 
S13 to S14:  To a stirred solution of S13 (740.1 mg, 3.0 mmol) in THF (8 mL) was added dropwise a 1.60 mol/L solution of n-BuLi 
in n-hexane (2.1 mL, 3.4 mmol) at -78 °C.  After stirring for 1 h at -78 °C, paraformaldehyde powder (450.5 mg, 15.0 mmol) was 
added under N2 atmosphere.  The mixture was slowly raised to 0 °C and stirred at the same temperature for 4 h, and then quenched by 
water and extracted with Et2O.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated.  
After purification by flash column chromatography on silica gel (n-Hexane/EtOAc = 10/1 to 5/1 as eluent), compound S12 (631.2 mg, 
2.3 mmol) was obtained in 76% yield as a light yellow gummy oil. 
S14: light yellow gummy oil.  Rf = 0.20 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 8.32 (d, J = 1.7 Hz, 1H), 7.98 (dd, J = 8.6, 2.1 Hz, 1H), 7.89-7.86 (m, 1H), 7.85 (d, J = 8.6 Hz, 1H), 
7.83-7.81 (m, 1H), 7.51-7.47 (m, 2H), 4.14 (s, 2H), 2.95 (ddd, J = 14.5,?9.0, 1.5 Hz, 2H), 2.74 (ddd, J = 14.5, 7.8, 3.0 Hz, 2H), 
2.15-2.04 (m, 2H), 2.03-1.96 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 136.7, 133.1, 132.8, 128.4, 128.3, 128.2, 127.4, 126.6, 126.2, 125.9, 66.4, 59.2, 27.2, 24.5 
IR (ATR): 3437 (br, s), 3054 (m), 2935 (m), 2904 (s), 2828 (w), 1596 (m), 1503 (m), 1465 (w), 1422 (m), 1381 (m), 1352 (m), 1276 
(m), 1239 (w), 1202 (w), 1173 (w), 1127 (w), 1065 (m), 994 (m), 906 (w), 863 (w), 817 (m) cm-1. 
HRMS (ESI) Calcd for C15H16NaOS2 ([M + Na]
+) 299.0535, Found 299.0535. 
 
S14 to 2g:  To a stirred solution of S14 (613.7 mg, 2.22 mmol) and Cl3CCN (0.44 mL, 4.4 mmol) in CH2Cl2 (6 mL) was added NaH 
powder (19.0 mg, 60% with paraffin liquid, 0.48 mmol) in one portion at 0 °C.  After stirring for 1 h at the same temperature, the 
reaction mixture was quenched by water and extracted with CH2Cl2.  The combined organic layers were dried over Na2SO4, filtered, 
and concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc/Et3N = 100/5/1 to 100/6/1 as 
eluent), compound 2g (819.6 mg, 1.95 mmol) was obtained in 88% yield as a white solid. 
2g: White solid.  Rf = 0.50 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ?8.38 (d, J = 2.1 Hz, 1H), 8.32 (s, 1H), 8.06 (dd, J = 8.6, 2.1 Hz, 1H), 7.87-7.81 (m, 3H), 7.51-7.46 (m, 
2H), 4.86 (s, 2H), 3.00 (ddd, J = 14.6, 8.1, 3.1 Hz, 1H), 2.78 (ddd, J = 14.4, 8.6, 3.1 Hz, 1H), 2.14-2.06 (m, 1H), 2.03-1.96 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ?162.5, 136.6, 133.1, 132.8, 128.41, 128.38, 128.1, 127.4, 126.5, 126.2, 126.1, 91.0, 72.7, 56.6, 27.5, 
24.6 
IR (ATR): 3339 (m), 3057 (m), 2950 (m), 2906 (m), 2829 (w), 1662 (vs), 1596 (w), 1504 (m), 1455 (w), 1422 (m), 1371 (m), 1301 (s), 
1276 (s), 1083 (s), 1007 (m), 995 (m), 907 (w), 862 (w), 822 (m) cm-1. 
HRMS (ESI) Calcd for C17H16Cl3NNaOS2 ([M + Na]
+) 441.9631, Found 441.9631. 
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(2h) 
 
S15 to S16:  To a stirred solution of S15 (941 mg, 5.8 mmol) in THF (15 mL) was added dropwise a 1.63 mol/L solution of n-BuLi in 
n-hexane (3.6 mL, 5.9 mmol) at -78 °C.  After stirring for 1 h at -78 °C, paraformaldehyde powder (264 mg, 8.8 mmol) was added 
under N2 atmosphere.  The mixture was slowly raised to 0 °C and stirred at the same temperature for 2 h, and then quenched by water 
and extracted with Et2O.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated.  
After purification by flash column chromatography on silica gel (n-Hexane/EtOAc = 10/1 to 5/1 as eluent), compound S16 (659 mg, 
3.4 mmol) was obtained in 59% yield as a colorless oil. 
S16: colorless oil.  Rf = 0.20 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 3.76 (d, J = 6.6 Hz, 2H), 2.96-2.89 (m, 2H), 2.60 (ddd, J = 15.0, 4.6, 3.4 Hz, 2H), 2.13-2.07 (m, 2H), 
1.88-1.80 (m, 1H), 1.74-1.70 (m, 2H), 1.54-1.47 (m, 2H), 0.92 (t, J = 7.2 Hz, 3H) 
13C NMR (150 MHz, CDCl3) δ 63.0, 54.3, 40.0, 25.7, 24.9, 16.8, 14.3 
IR (ATR): 3444 (br, m), 2956 (s), 2932 (s), 2908 (m), 2871 (m), 2830 (w), 1465 (m), 1423 (m), 1378 (m), 1331 (w), 1277 (m), 1240 
(w), 1207 (w), 1103 (w), 1050 (m), 988 (m), 908 (m) cm-1. 
HRMS (ESI) Calcd for C8H16NaOS2 ([M + Na]
+) 215.0535, Found 215.0535. 
 
S16 to 2h:  To a stirred solution of S16 (553 mg, 2.9 mmol) and Cl3CCN (0.46 mL, 4.6 mmol) in CH2Cl2 (6 mL) was added NaH 
powder (25 mg, 60% with paraffin liquid, 0.63 mmol) in one portion at 0 °C.  After stirring for 1 h at the same temperature, the 
reaction mixture was quenched by water and extracted with CH2Cl2.  The combined organic layers were dried over Na2SO4, filtered, 
and concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc/Et3N = 100/1/1 to 100/2/1 as 
eluent), compound 2h (916 mg, 2.7 mmol) was obtained in 95% yield as a colorless oil. 
2h: colorless oil.  Rf = 0.50 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 8.34 (s, 1H), 4.65 (s, 2H), 3.09 (ddd, J = 15.0, 12.0, 2.7 Hz, 2H), 3.65 (ddd, J = 15.0, 4.8, 3.6 Hz, 2H), 
2.13-2.08 (m, 1H), 1.91-1.83 (m, 3H), 1.58-1.51 (m, 2H), 0.94 (t, J = 7.2 Hz,3H) 
13C NMR (150 MHz, CDCl3) δ 162.7, 91.3, 70.1, 51.2, 40.7, 26.4, 25.0, 16.8, 14.3 
IR (ATR): 3343 (m), 2958 (s), 2933 (m), 2910 (m), 2872 (m), 2830 (w), 1662 (vs), 1457 (m), 1423 (m), 1372 (m), 1303 (s), 1276 (s), 
1132 (w), 1071 (s), 1024 (m), 995 (s), 909 (w), 899 (w), 827 (s) cm-1. 
HRMS (ESI) Calcd for C10H16Cl3NNaOS2 ([M + Na]
+) 357.9631, Found 357.9631. 
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(2i) 
 
S17 to S18:  To a stirred solution of S17[1] (640.8 mg, 2.86 mmol) in THF (15 mL) was added dropwise a 1.63 mol/L solution of 
n-BuLi in n-hexane (2.1 mL, 3.4 mmol) at -78 °C.  After stirring for 1 h at -78 °C, paraformaldehyde powder (172 mg, 5.7 mmol) 
was added under N2 atmosphere.  The mixture was slowly raised to room temperature and stirred at the same temperature for 4 h, and 
then quenched by water and extracted with EtOAc.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, 
and concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc = 10/1 to 6/1 as eluent), 
compound S18 (674.1 mg, 2.65 mmol) was obtained in 93% yield as a white solid. 
S18: white solid.  Rf = 0.35 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 7.89-7.86 (m, 2H), 7.40-7.36 (m, 2H), 7.30 (tt, J = 7.2, 1.4 Hz, 1H), 4.01 (d, J = 6.6 Hz, 2H), 2.70 (d, J 
= 14.4 Hz, 2H), 2.39 (d, J = 14.4 Hz, 2H), 2.15 (t, J = 6.6 Hz, 1H), 1.21 (s, 3H), 1.19 (s, 3H) 
13C NMR (150 MHz, CDCl3) δ 139.3, 128.5, 128.4, 128.0, 65.8, 58.6, 39.5, 28.1, 26.2, 25.9 
IR (ATR): 3380 (br, s), 3090 (w), 3054 (m), 3035 (w), 3023 (w), 2952 (s), 2934 (m), 2909 (m), 2863 (m), 1596 (w), 1579 (w), 1495 
(m), 1466 (m), 1446 (m), 1407 (m), 1382 (m), 1363 (m), 1287 (m), 1240 (w), 1192 (w), 1150 (w), 1083 (w), 1056 (s), 1001 (m), 884 
(m), 819 (w) cm-1. 
HRMS (ESI) Calcd for C13H18NaOS2 ([M + Na]
+) 277.0691, Found 277.0691. 
 
S18 to 2i:  To a stirred solution of S18 (578.3 mg, 2.27 mmol) and Cl3CCN (0.46 mL, 4.6 mmol) in CH2Cl2 (10 mL) was added NaH 
powder (17.7 mg, 60% with paraffin liquid, 0.44 mmol) in one portion at 0 °C.  The mixture was slowly raised to room temperature 
and stirred at the same temperature for 3 h and then quenched by water and extracted with CH2Cl2.  The combined organic layers 
were dried over Na2SO4, filtered, and concentrated.  After purification by flash column chromatography on silica gel 
(n-Hexane/EtOAc/Et3N = 100/1/1 to 100/2/1 as eluent), compound 2i (879.0 mg, 2.20 mmol) was obtained in 97% yield as a colorless 
oil. 
2i: colorless oil.  Rf = 0.55 (n-Hexane/EtOAc = 10/1). 
1H NMR (600 MHz, CDCl3) δ 8.30 (s, 1H), 7.95-7.91 (m, 2H), 7.38-7.34 (m, 2H), 7.28 (tt, J = 7.4, 1.4 Hz, 1H), 4.73 (s, 2H), 2.68 (d, 
J = 14.4 Hz, 2H), 2.46 (d, J = 14.4 Hz, 2H), 1.22 (s, 3H), 1.13 (s, 3H) 
13C NMR (150 MHz, CDCl3) δ 162.5, 139.2, 128.4, 128.3, 127.9, 91.1, 73.0, 56.5, 39.8, 27.2, 27.0, 26.3 
IR (ATR): 3342 (m), 3059 (w), 3026 (w), 2954 (m), 2935 (m), 2900 (m), 2864 (w), 1662 (vs), 1485 (w), 1466 (m), 1444 (m), 1405 (w), 
1382 (m), 1364 (m), 1302 (s), 1284 (s), 1078 (s), 1044 (m), 1027 (m), 999 (m), 883 (w), 851 (w), 831 (m), 817 (m) cm-1. 
HRMS (ESI) Calcd for C15H18Cl3NNaOS2 ([M + Na]
+) 419.9788, Found 419.9788. 
  
                                                  
[1] E. L. Eliel, V. S. Rao, F. G. Riddell, J. Am. Chem. Soc., 1976, 98, 3583-3590. 
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(2j) 
 
S19 to S20: To the mixture of S19[2] (2.430 g, 5.0 mmol) and potassium thioacetate (1.16 g, 10.2 mmol) was added 20 mL of DMF, 
and then it was raised to 60 °C for 20 h.  After cooling down to room temperature, potassium thioacetate (590 mg, 5.2 mmol) was 
added again, then the reaction was raised to 70 °C for additional 20 h.  After cooling down to room temperature, it was quenched by 
water (about 50 mL), and extracted with EtOAc (50 mL*3).  The combined organic layer was washed by water (50 mL*1) and brine 
(50 mL*1), dried over Na2SO4, filtered, and concentrated to get crude product as red oil.  The red oil crude product was dissolved in 
THF (10 mL).  Then it was dropwise added to the suspension of LiAlH4 (420 mg, 11.0 mmol) in THF (10 mL) at 0 °C.  Then the 
reaction was slowly raised to room temperature and stirred for additional 17 h.  After was carefully quenched by water at 0 °C 
followed by 40 mL of HCl (1.5 N), it was extracted with CH2Cl2, dried over Na2SO4, filtered, and concentrated to get yellow oil.  To 
the CH2Cl2 (20 mL) solution of this yellow oil crude product and PhCHO (0.56 mL, 5.5 mmol) was slowly added BF3·OEt2 (0.74 mL, 
6.0 mmol) at 0 °C.  Then the reaction was raised to room temperature for additional 12 h.  After quenched by MeOH (10 mL) at 
0 °C, NaBH4 (300 mg, 7.9 mmol) was added (S20 and PhCHO have similar Rf value on TLC. Reducing remaining PhCHO to benzyl 
alcohol makes it easier to isolate S20 by silica gel chromatography). After stirring at the same temperature for 3 h, the reaction was 
carefully quenched by icy water, and it was extracted with CH2Cl2, dried over Na2SO4, filtered, and concentrated.  After purification 
by flash column chromatography on silica gel (n-Hexane/CH2Cl2 = 3/1 to 2/1 as eluent) and recrystallization (n-Hexane/CH2Cl2), 
compound S20 (901.8 mg, 3.0 mmol) was obtained in 60% yield as a white solid. 
S20: white solid.  Rf = 0.20 (n-Hexane / CH2Cl2 = 3/1). 
1H NMR (600 MHz, CDCl3) δ 7.54-7.51 (m, 2H), 7.37-7.33 (m, 2H), 7.31 (tt, J = 7.4, 1.7 Hz, 1H), 7.27-7.24 (m, 1H), 7.20-7.13 (m, 
3H), 5.13 (s, 1H), 3.41 (s, 2H), 3.19 (d, J = 14.1 Hz, 2H), 2.89 (s, 2H), 2.77 (d, J = 14.1 Hz, 2H) 
13C NMR (150 MHz, CDCl3) δ 141.9, 140.9, 138.3, 128.7, 128.4, 127.7, 126.6, 126.4, 125.2, 124.9, 51.0, 47.3, 42.3, 41.0, 38.8 
IR (ATR): 3063 (m), 3020 (m), 2932 (m), 2882 (s), 2838 (m), 2798 (w), 1583 (w), 1496 (m), 1484 (s), 1452 (s), 1432 (m), 1420 (m), 
1406 (m), 1303 (m), 1279 (s), 1218 (w), 1179 (m), 1073 (w), 1028 (w), 944 (w), 908 (w), 886 (w) cm-1. 
HRMS (ESI) Calcd for C18H18NaS2 ([M + Na]
+) 321.0742, Found 321.0742. 
 
                                                  
[2] A. A. Cordi, I. Berque-Bestel, T. Persigand, J.-M. Lacoste, A. Newman-Tancredi, V. Audinot, M. J. Millan, J. Med. Chem. 2001, 44, 
787-805. 
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S20 to S21:  To a stirred solution of S20 (749.8 mg, 2.51 mmol) in THF (10 mL) was added dropwise a 1.63 mol/L solution of 
n-BuLi in n-hexane (1.85 mL, 3.0 mmol) at -78 °C.  After stirring for 1 h at -78 °C, paraformaldehyde powder (158 mg, 5.3 mmol) 
was added under N2 atmosphere.  The mixture was slowly raised to room temperature and stirred at the same temperature for 3 h, and 
then quenched by water and extracted with EtOAc.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, 
and concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc = 10/1 to 6/1 as eluent), 
compound S21 (789.0 mg, 2.40 mmol) was obtained in 96% yield as a white solid. 
S21: white solid.  Rf = 0.25 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 7.91 (d, J = 8.4 Hz, 2H), 7.39 (t, J = 7.2 Hz, 2H), 7.30 (tt, J = 7.2, 1.4 Hz, 1H), 7.20-7.13 (m, 4H), 4.05 
(d, J = 6.6 Hz, 2H), 3.11 (s, 2H), 3.07 (s, 2H), 2.91 (d, J = 14.1 Hz, 2H), 2.64 (d, J = 14.1 Hz, 2H), 2.18 (t, J = 6.6 Hz, 1H) 
13C NMR (150 MHz, CDCl3) δ 141.3, 141.1, 138.9, 128.54, 128.49, 128.1, 126.60, 126.57, 125.1, 125.0, 66.0 (brs), 58.3 (brs), 44.9 
(brs), 43.5 (brs), 38.8, 37.6 
IR (ATR) 3445 (br, s), 3066 (m), 3021 (m), 2933 (m), 2899 (s), 2838 (m), 1595 (m), 1484 (s), 1458 (m), 1444 (s), 1432 (m), 1409 (m), 
1381 (m), 1331 (w), 1302 (m), 1281 (s), 1219 (m), 1185 (m), 1062 (s), 1023 (m), 996 (m), 884 (w) cm-1 
HRMS (ESI) Calcd for C19H20NaOS2 ([M + Na]
+) 351.0848, Found 351.0848. 
 
S21 to 2j:  To a stirred solution of S21 (721.2 mg, 2.20 mmol) and Cl3CCN (0.44 mL, 4.4 mmol) in CH2Cl2 (10 mL) was added NaH 
powder (17.6 mg, 60% with paraffin liquid, 0.44 mmol) in one portion at 0 °C.  The mixture was slowly raised to room temperature 
and stirred at the same temperature for 2 h and then quenched by water and extracted with CH2Cl2.  The combined organic layers 
were dried over Na2SO4, filtered, and concentrated.  After purification by flash column chromatography on silica gel 
(n-Hexane/EtOAc/Et3N = 100/1/1 to 100/2/1 as eluent), compound 2j (945.1 mg, 2.00 mmol) was obtained in 91% yield as a colorless 
oil. 
2j: colorless oil.  Rf = 0.55 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ?8.33 (s, 1H), 7.97 (d, J = 7.6 Hz, 2H), 7.41-7.37 (m, 2H), 7.31 (tt, J = 7.4, 1.4 Hz, 1H), 7.22-7.19 (m, 
1H), 7.18-7.12 (m, 3H), 4.79 (s, 2H), 3.14 (s, 2H), 3.04 (s, 2H), 2.96 (d, J = 14.4 Hz, 2H), 2.71 (d, J = 14.4 Hz, 2H) 
13C NMR (150 MHz, CDCl3) δ?162.5, 141.31, 141.29, 138.7, 128.6, 128.4, 128.0, 126.6, 126.5, 125.10, 125.06, 91.1, 72.6 (br), 55.7 (br), 
44.4 (br), 38.9, 37.9 
IR (ATR): 3342 (m), 3065 (m), 3021 (m), 2935 (m), 2900 (m), 2838 (m), 1662 (vs), 1595 (m), 1484 (m), 1457 (m), 1444 (m), 1371 
(m), 1302 (s), 1280 (s), 1219 (w), 1079 (s), 1044 (m), 1026 (m), 999 (m), 884 (w), 850 (w), 833 (m), 818 (m) cm-1. 
HRMS (ESI) Calcd for C21H20Cl3NNaOS2 ([M + Na]
+) 493.9944, Found 493.9944. 
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(2k and 2l) 
 
S22 to S23 and S24: To a stirred solution of S22[3] (cia/trans mixture, ratio is not determined) (2.000 g, 7.0 mmol) in THF (20 mL) was 
added dropwise a 1.61 mol/L solution of n-BuLi in n-Hexane (5.2 mL, 8.4 mmol) at -78 °C.  After stirring for 1 h at -78 °C, 
paraformaldehyde powder (314.4 mg, 10.5 mmol) was added under N2 atmosphere.  The mixture was slowly raised to room 
temperature and stirred at the same temperature for 5 h, and then quenched by water and extracted with EtOAc.  The combined 
organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated.  By taking 
1H-NMR in CDCl3 solvent with 
CH2Br2 as internal standard, the combining NMR yield of S23 and S24 is 90% with 1:4 ratio (S23: S24 = 1:4).  Isolation of S23 and 
S24 is not very successful.  After purification by flash column chromatography on silica gel three times (n-Hexane/CH2Cl2 = 1/2 to 
1/3, then n-Hexane/EtOAc = 4/1 as eluent), pure compound S23 (399.1 mg, 1.26 mmol, 18% yield) and pure compound S24 (1.1237 g, 
3.55 mmol, 51% yield) were obtained as colorless oil (S23) and white solid (S24). 
 
S23: colorless oil.  Rf = 0.45 (CH2Cl2). 
1H NMR (600 MHz, CDCl3) δ?7.82-7.78 (m, 2H), 7.35 (t, J = 7.8 Hz, 2H), 7.30 (t, J = 7.2 Hz, 2H), 7.28 (tt, J = 7.2, 1.8 Hz, 1H), 7.23 
(tt, J = 7.2, 1.4 Hz, 1H), 7.17 (d, J = 7.2 Hz, 2H), 4.13 (d, J = 6.9 Hz, 2H), 2.75 (d, J = 7.8 Hz, 2H), 2.74 (dd, J = 14.4, 9.0 Hz, 2H), 
2.66 (dd, J = 14.4, 3.0 Hz, 2H), 2.25-2.17 (m, 2H) 
13C NMR (150 MHz, CDCl3) δ?139.0, 138.6, 129.1, 128.6, 128.5, 128.2, 128.1, 126.5, 64.3, 57.8, 41.4, 35.6, 32.3 
NOE, COSY, HMQC, HMBC were also tested to confirm its configuration (see NMR charts in the final part of SI) 
IR (ATR): 3458 (br, m), 3062 (m), 3026 (m), 2911 (s), 2852 (m), 1949 (w), 1882 (w), 1806 (w), 1602 (m), 1583 (w), 1495 (s), 1454 
(m), 1445 (s), 1413 (m), 1380 (m), 1331 (m), 1257 (m), 1220 (m), 1184 (m), 1060 (s), 1030 (m), 999 (m), 914 (w), 889 (w), 860 (w) 
cm-1 
HRMS (ESI) Calcd for C18H20NaOS2 ([M + Na]
+) 339.0848, Found 339.0848. 
 
S24: white solid.  Rf = 0.40 (CH2Cl2). 
1H NMR (600 MHz, CDCl3) δ 7.96-7.91 (m, 2H), 7.39 (t, J = 8.2 Hz 2H), 7.29 (tt, J = 7.2, 1.4 Hz, 1H), 7.26 (t, J = 7.2 Hz 2H), 7.18 
(tt, J = 7.2, 1.4 Hz, 1H), 7.13 (d, J = 7.6 Hz 2H), 3.90 (d, J = 6.5 Hz, 2H), 2.81 (dd, J = 14.4, 3.0 Hz, 2H), 2.71 (d, J = 7.6 Hz, 2H), 
2.42 (dd, J = 14.4, 9.0 Hz, 2H), 2.21-2.15 (m, 2H) 
                                                  
[3] F. Lucchesini, V. Bertini, M. Pocci, E. Micali, A. D. Munno, Eur. J. Org. Chem, 2002, 1546-1550. 
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13C NMR (150 MHz, CDCl3) δ 139.4, 138.9, 129.0, 128.7, 128.6, 128.4, 127.8, 126.2, 68.2, 60.2, 40.0, 34.8, 31.7 
NOE, COSY, HMQC, HMBC were also tested to confirm its configuration (see NMR charts in the final part of SI) 
IR (ATR): 3427 (br, s), 3060 (m), 3025 (m), 2912 (s), 2862 (m), 1602 (m), 1495 (s), 1485 (m), 1454 (m), 1442 (m), 1410 (m), 1381 
(m), 1346 (w), 1309 (w), 1278 (w), 1224 (w), 1184 (w), 1065 (s), 1033 (m), 1000 (m) cm-1. 
HRMS (ESI) Calcd for C18H20NaOS2 ([M + Na]
+) 339.0848, Found 339.0848. 
 
S23 to 2k: To a stirred solution of S23 (399.1 mg, 1.26 mmol) and Cl3CCN (0.40 mL, 4.0 mmol) in CH2Cl2 (10 mL) was added NaH 
powder (15.0 mg, 60% with paraffin liquid, 0.38 mmol) in one portion at 0 °C.  The mixture was slowly raised to room temperature 
and stirred at the same temperature for 5 h and then quenched by water and extracted with CH2Cl2.  The combined organic layers 
were dried over Na2SO4, filtered, and concentrated.  After purification by flash column chromatography on silica gel 
(n-Hexane/EtOAc/Et3N = 10/1/1 as eluent), compound 2k (467.0 mg, 1.01 mmol) was obtained in 80% yield as a colorless gum. 
 
2k: colorless gum. Rf = 0.50 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ 8.36 (s, 1H), 7.85 (d, J = 8.2 Hz, 2H), 7.35 (t, J = 7.5 Hz, 2H), 7.32-7.26 (m, 3H), 7.22 (t, J = 7.5 Hz, 
1H), 7.19 (d, J = 7.9 Hz, 2H), 4.89 (s, 2H), 2.88-2.80 (m, 4H), 2.73 (dd, J = 14.4, 3.0 Hz, 2H), 2.23-2.15 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 162.6, 130.9, 138.9, 129.2, 128.6, 128.3, 128.11, 128.07, 126.4, 91.1, 71.3, 55.3, 40.7, 35.1, 32.6 
NOE was also tested to confirm its configuration (see NMR chart in the final part of SI) 
IR (ATR): 3339 (m), 3061 (w), 3025 (w), 2913 (m), 2852 (w), 1663 (s), 1495 (w), 1455 (w), 1445 (w), 1372 (w), 1302 (m), 1079 (m), 
1028 (w), 1001 (w), 824 (w) cm-1. 
HRMS (ESI) Calcd for C20H20Cl3NNaOS2 ([M + Na]
+) 481.9944, Found 481.9944. 
 
S24 to 2l: To a stirred solution of S24 (1123.7 mg, 3.55 mmol) and Cl3CCN (1.1 mL, 11.0 mmol) in CH2Cl2 (15 mL) was added NaH 
powder (42.0 mg, 60% with paraffin liquid, 1.05 mmol) in one portion at 0 °C.  The mixture was slowly raised to room temperature 
and stirred at the same temperature for 5 h and then quenched by water and extracted with CH2Cl2.  The combined organic layers 
were dried over Na2SO4, filtered, and concentrated.  After purification by flash column chromatography on silica gel 
(n-Hexane/EtOAc/Et3N = 15/1/1 to 10/1/1 as eluent), compound 2l (1390.0 mg, 3.0 mmol) was obtained in 85% yield as a white solid. 
 
2l: white solid. Rf = 0.50 (n-Hexane/EtOAc = 4/1). 
1H NMR (600 MHz, CDCl3) δ?8.27 (s, 1H), 8.01-7.98(m, 2H), 7.41-7.38 (m, 2H), 7.30 (tt, J = 7.2, 1.4 Hz, 1H), 7.28-7.25 (m, 2H), 
7.19 (tt, J = 7.4, 1.5 Hz, 1H), 7.14-7.11 (m, 2H), 4.64 (s, 2H), 2.86 (dd, J = 14.4, 3.0 Hz, 2H), 2.67 (d, J = 7.6 Hz, 2H), 2.48 (dd, J = 
14.4, 9.0 Hz, 2H), 2.27-2.20 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 162.3, 139.0, 138.9, 129.1, 129.0, 128.49, 128.46, 127.8, 126.4, 91.0, 74.0, 57.4, 40.6, 35.5, 32.1 
NOE was also tested to confirm its configuration (see NMR chart in the final part of SI) 
IR (ATR): 3341 (m), 3060 (m), 3026 (m), 2913 (m), 1663 (vs), 1602 (w), 1495 (m), 1454 (m), 1444 (m), 1371 (m), 1301 (s), 1091 (s), 
1079 (s), 1045 (m), 1027 (m), 1009 (m), 847 (w), 822 (m) cm-1. 
HRMS (ESI) Calcd for C20H20Cl3NNaOS2 ([M + Na]
+) 481.9944, Found 481.9944. 
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3. Preparation of chiral phosphoric acid catalyst. 
 
S25 to S26?To a solution of S25[4] (3.766 g, 7.08 mmol) in THF (40 mL) was added dropwise a 1.60 mol/L solution of n-BuLi in 
n-hexane (11.0 mL, 17.6 mmol) at -78 °C.  After stirring for 30 min at -78 °C, hexachloroethane (5.03 g, 21.2 mmol) was added 
under N2 atmosphere.  The mixture was slowly raised to room temperature and stirred at the same temperature for 4 h, and then 
quenched by water and extracted with EtOAc.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated.  After purification by flash column chromatography on silica gel (n-Hexane/EtOAc = 15/1 to 10/1 as eluent), 
compound S26 (2.964 g, 6.69 mmol) was obtained in 94% yield as a white solid. 
S26: white solid.  Rf = 0.30 (n-Hexane/EtOAc = 4/1). 
[]22D = +52.4 (c 1.02, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 7.87-7.84 (m, 4H), 7.59 (d, J = 9.0 Hz, 2H), 7.16 (dd, J = 8.4, 2.1 Hz, 2H), 7.05 (d, J = 9.0 Hz, 2H), 
5.08 (d, J = 7.2 Hz, 2H), 4.97 (d, J = 7.2 Hz, 2H), 3.15 (s, 6H) 
13C NMR (150 MHz, CDCl3) δ 152.8, 132.2, 130.4, 129.9, 128.7, 127.2, 127.0, 126.6, 120.8, 118.1, 95.0, 55.9 
IR (ATR): 3062 (w), 2994 (m), 2956 (m), 2932 (m), 2902 (m), 2848 (w), 2826 (m), 2789 (w), 1588 (s), 1495 (s), 1405 (w), 1345 (m), 
1331 (m), 1238 (s), 1192 (m), 1149 (s), 1077 (m), 1066 (s), 1019 (s), 960 (m), 922 (m), 906 (m), 876 (m), 815 (m) cm-1. 
HRMS (ESI) Calcd for C24H20Cl2NaO4 ([M + Na]
+) 465.0631, Found 465.0631. 
 
S26 to S27?To a solution of S26 (665.0 mg, 1.50 mmol) in Et2O (25 mL) was added dropwise a 1.60 mol/L solution of n-BuLi in 
n-hexane (2.4 mL, 3.8 mmol) at 0 °C.  The mixture was raised to room temperature and stirred for 1.5 h.  Then it was cooled to 0 °C 
and the solution of Ph3SiCl (1.327 g, 4.5 mmol) in THF (15 mL) was added.  After that the reaction mixture was slowly raised to 
room temperature again and stirred at the same temperature for 35 h, and then quenched by saturated aqueous solution of NH4Cl and 
extracted with Et2O.  The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated.  After 
purification by flash column chromatography on silica gel (n-Hexane/EtOAc = 50/1 to 40/1 as eluent), white solid was obtained.  
This white solid was dissolved in 1,4-dioxane (20 mL).  And to the solution, was added 12N HCl (aq) (2mL).  Then the reaction 
mixture was raised to 70 °C and stirred for 19 h.  Then it was cooled down to room temperature, diluted by water (20 mL) and 
extracted with CH2Cl2.  The combined organic layers were dried over Na2SO4, filtered, and concentrated.  After purification by flash 
                                                  
[4] H. Ishitani, M. Ueno, S. Kobayashi, J. Am. Chem. Soc. 2000, 122, 8180-8186. 
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column chromatography on silica gel (n-Hexane/EtOAc/CH2Cl2 = 10/1/1 as eluent) and recrystallization (CH2Cl2/n-Hexane), 
compound S27 (444.1 mg, 0.51 mmol) was obtained in 34% yield as a white solid. 
S27: white solid.  Rf = 0.35 (n-Hexane/EtOAc = 10/1). 
[]23D = +111.2 (c 0.60, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 7.82 (s, 2H), 7.70 (d, J = 2.1 Hz, 2H), 7.62 (d, J = 7.5 Hz, 12H), 7.44 (t, J = 7.5 Hz, 6H), 7.36 (t, J = 
7.5 Hz, 12H), 7.27 (dd, J = 9.0, 2.1 Hz, 2H), 7.12 (d, J = 9.0 Hz, 2H), 5.25 (s, 2H) 
13C NMR (150 MHz, CDCl3) δ 156.6, 141.1, 136.2, 133.7, 132.9, 129.8, 129.7, 129.0, 127.9, 127.7, 125.5, 125.4, 110.6 
IR (ATR): 3522 (s), 3069 (m), 3049 (m), 1578 (m), 1564 (m), 1486 (m), 1428 (s), 1411 (m), 1379 (w), 1350 (m), 1329 (w), 1290 (w), 
1247 (w), 1191 (m), 1172 (m), 1144 (m), 1109 (s), 1082 (m), 1045 (m), 998 (w), 982 (w), 937 (w), 917 (w), 818 (m) cm-1. 
HRMS (ESI) Calcd for C56H40Cl2NaO2Si2 ([M + Na]
+) 893.1836, Found 893.1836. 
 
S27 to Cl-(R)-1a?To the solution of S27 (415 mg, 0.48 mmol) in dry pyridine (8.0 mL) was slowly added POCl3 (135 μL, 1.45 mmol) 
under N2.  The reaction mixture was raised to 80 °C and stirred for 12 h.  After cooling to room temperature, to the resulting solution 
was added H2O (2.0 mL) at room temperature, and then the reaction mixture raised to 80 °C and stirred for additional 4 h.  After 
cooling to 0 °C, 6 M HCl aq. (15 mL) was added. After separation with funnel, aqueous layer was extracted with CH2Cl2, the 
combined organic extracts dried over Na2SO4 and concentrated under reduced pressure after filtration.  The residual crude product 
was dissolved in MeOH and 6 M HCl aq. was added to give white solid.  Then CH2Cl2 was added to dissolve white solid, and water 
was added to dilute.  After phase separation, aqueous layer was extracted with CH2Cl2.  The combined extracts were dried over 
Na2SO4 and concentrated under reduced pressure.  The residual crude product was purified by flash column chromatography on silica 
gel (CH2Cl2/MeOH = 100/1 to 50/1 as eluent).  The obtained product was dissolved in CH2Cl2, washed with 6 M HCl aq. (x3), dried 
over Na2SO4, concentrated under reduced pressure and recrystallize (CH2Cl2/n-Hexane) to give the product Cl-(R)-1a as white solid 
(263.5 mg, 0.28 mmol) in 59% yield. 
 
Cl-(R)-1a: white solid.  Rf = 0.45 (CH2Cl2/MeOH = 10/1). 
[]23D = -134.3 (c 0.60, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 7.98 (s, 2H), 7.78 (d, J = 1.8 Hz, 2H), 7.61 (d, J = 7.2 Hz, 12H), 7.40 (t, J = 7.4 Hz, 6H), 7.34 (t, J = 
7.4 Hz, 12H), 7.25 (dd, J = 9.0, 2.1 Hz, 2H), 7.09 (d, J = 2.1 Hz, 2H), 2.49 (s, 1H, OH) (chemical shift of this OH change with water 
content) 
13C NMR (150 MHz, CDCl3) δ 151.3 (d, J = 10.0 Hz), 141.0, 136.7, 133.4, 132.3, 131.7, 131.6, 129.9, 128.6, 128.3, 128.0, 127.5, 
121.1 
31P NMR (243 MHz, CDCl3) δ 1.7 
IR (ATR): 3611 (br, w), 3071 (m), 3051 (m), 1576 (m), 1560 (m), 1483 (m), 1428 (s), 1410 (w), 1394 (m), 1368 (w), 1283 (m), 1215 
(m), 1188 (m), 1108 (s), 1082 (m), 1035 (m), 983 (s), 958 (m), 909 (m), 862 (m), 818 (w) cm-1. 
HRMS (ESI) Calcd for C56H38Cl2O4PSi2 ([M - H]
-) 931.1429, Found 931.1429. 
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4. Chiral phosphoric acid-catalyzed enantioselecitive synthesis of 1,4-dithiepane via ring expansion of 
1,3-dithiane derivatives. 
4.1 Reaction of 2a-2j, pyrrole 3a as nucleophile. 
Standard procedure:  
 
To a dried test tube was added 2a (37.2 mg, 0.10 mmol).  The atmosphere was replaced with argon, and then CH2Cl2 (1.0 mL) and 
pyrrole (10.5 L, 0.15 mmol) were added.  After cooling down to -40 °C, Cl-(R)-1a (9.3 mg, 0.01 mmol) was added under N2 
atmosphere and the reaction mixture was stirred for 12 h at the same temperature.  The reaction was quenched by adding about 0.1 
mL of Et3N, then followed by filtration through a pad of Al2O3 (Merck Aluminium Oxide 90 standardized, EtOAc as eluent).  After 
concentration, the crude product was purified by flash column chromatography on silica gel (Merck 40-63 m, n-Hexane/EtOAc = 
50/1 to 20/1) to afford 4a (23.9 mg, 86%) as white solid.  Via chiral stationary phase HPLC analysis, the enantiomeric excess was 
determined to be 79%. 
 
Compound 4a: White solid.  
Rf = 0.55 (n-Hexane/EtOAc = 4/1).   
HPLC analysis Chiralpak AD-3 (n-Hexane/IPA = 98/2, 1.0 mL/min, 254 nm, 30 °C) 10.2 (minor), 13.0 (major) 
min, (79% ee). 
[]22D = +199.0 (c 0.69, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 8.46 (s, 1H), 7.28-7.24 (m, 2H), 7.21 (tt, J = 7.2, 1.8 Hz, 1H), 7.18-7.15 (m, 2H), 6.82-6.80 (m, 1H), 
6.28-6.26 (m, 1H), 6.25-6.23 (m, 1H), 3.56 (d, J = 15.1 Hz, 1H), 3.46 (d, J = 15.1 Hz, 1H), 3.23 (ddd, J = 14.8, 10.7, 5.8 Hz, 1H), 
3.05 (ddd, J = 14.8, 6.2, 3.1 Hz, 1H), 2.87 (ddd, J = 15.2, 11.0, 5.2 Hz, 1H), 2.71 (ddd, J = 15.2, 4.9, 3.4 Hz, 1H), 2.09-2.01 (m, 1H), 
1.99-1.92 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 145.3, 131.9, 128.4, 127.5, 127.1, 117.8, 110.0, 108.0, 58.8, 50.0, 33.9, 31.6, 29.2 
IR (ATR): 3416 (br, s), 3101 (w), 3081 (w), 3058 (m), 3028 (w), 2951 (m), 2915 (s), 2852 (m), 1596 (m), 1553 (m), 1492 (s), 1444 (s), 
1411 (s), 1308 (m), 1264 (m), 1204 (w), 1184 (w), 1171(w), 1159 (w), 1119 (m), 1090 (s), 1043 (m), 1032 (m), 1025 (m), 987 (m), 935 
(w), 900 (m), 885 (m), 876 (w), 846 (m) cm-1 
HRMS (ESI) Calcd for C15H17NNaS2 ([M + Na]
+) 298.0695, Found 298.0695. 
Configuration Assignment: The absolute configuration was assigned as (R) by analogy. 
 
Compound 4b: following standard procedure, 4b was obtained in 96% yield as colorless oil.   
Rf = 0.55 (n-Hexane/EtOAc = 4/1).   
HPLC analysis Chiralpak AD-3 (n-Hexane/IPA = 98/2, 1.0 mL/min, 254 nm, 30 °C) 12.3 (minor), 16.1 (major) 
min, (80% ee). 
[]17D = +168.4 (c 0.85, CHCl3). 
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1H NMR (600 MHz, CDCl3) δ 8.44 (s, 1H), 7.08-7.04 (m, 4H), 6.81-6.78 (m, 1H), 6.26-6.24 (m, 1H), 6.24-6.22 (m, 1H), 3.54 (d, J = 
15.0 Hz, 1H), 3.45 (d, J = 15.0 Hz, 1H), 3.22 (ddd, J = 15.0, 10.2, 6.0 Hz, 1H), 3.05 (ddd, J = 15.0, 6.0, 3.0 Hz, 1H), 2.85 (ddd, J = 
15.6, 10.8, 5.4 Hz, 1H), 2.70 (ddd, J = 15.6, 4.8, 3.0 Hz, 1H), 2.29 (s, 3H), 2.07-2.00 (m, 1H), 1.98-1.91 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 142.3, 137.3, 132.1, 129.1, 126.9, 117.6, 109.8, 108.0, 58.4, 50.0, 33.9, 31.5, 29.2, 20.9 
IR (ATR): 3410 (br, s), 3100 (w), 3022 (w), 2949 (m), 2917 (s), 2852 (w), 1553 (w), 1508 (s), 1410 (s), 1308 (w), 1286 (w), 1263 (w), 
1191 (w), 1120 (w), 1090 (m), 1043 (w), 1021 (w), 988 (w), 901 (w), 886 (w), 846 (w), 822 (m) cm-1 
HRMS (ESI) Calcd for C16H19NNaS2 ([M + Na]
+) 312.0851, Found 312.0851. 
Configuration Assignment: The absolute configuration was assigned as (R) by analogy. 
 
Compound 4c: following standard procedure, 92% conversion of 2c. 4c was obtained in 64% yield as 
colorless oil. 
Rf = 0.50 (n-Hexane/EtOAc = 4/1).   
HPLC analysis Chiralpak AD-3 (n-Hexane/IPA = 98/2, 1.0 mL/min, 254 nm, 30 °C) 12.2 (minor), 19.0 
(major) min, (77% ee). 
[]18D = +164.0 (c 0.72, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 8.45 (s, 1H), 7.22 (d, J = 8.6 Hz, 2H), 7.10 (d, J = 8.6 Hz, 2H), 6.84-6.81 (m, 1H), 6.26-6.22 (m, 2H), 
3.53 (d, J = 15.1 Hz, 1H), 3.41 (d, J = 15.1 Hz, 1H), 3.21 (ddd, J = 14.8, 10.3, 5.8 Hz, 1H), 3.05 (ddd, J = 14.8, 5.8, 3.4 Hz, 1H), 2.85 
(ddd, J = 15.5, 10.7, 5.2 Hz, 1H), 2.72 (ddd, J = 15.5, 4.7, 3.5 Hz, 1H), 2.09-2.02 (m, 1H), 2.00-1.93 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ?143.9, 133.3, 131.5, 128.54, 128.47, 118.0, 110.1, 108.2, 58.2, 50.0, 34.0, 31.6, 29.3 
IR (ATR): 3434 (br, m), 3100 (vw), 2953 (w), 2916 (m), 2851 (w), 1589 (vw), 1570 (vw), 1553 (w), 1486 (s), 1403 (m), 1308 (w), 
1282 (w), 1262 (w), 1119 (w), 1092 (s), 1043 (w), 1025 (w), 1012 (m), 988 (vw), 901 (w), 886 (w), 877 (w), 846 (w), 832 (m), 803 (w) 
cm-1 
HRMS (ESI) Calcd for C15H16ClNNaS2 ([M + Na]
+) 332.0305, Found 332.0305. 
Configuration Assignment: The absolute configuration was assigned as (R) by analogy. 
 
Compound 4d: following standard procedure, 4d was obtained in 84% yield as white solid. 
Rf = 0.55 (n-Hexane/EtOAc = 4/1).  
HPLC analysis Chiralpak AD-3 (n-Hexane/IPA = 90/10, 1.0 mL/min, 254 nm, 30 °C) 10.3 (minor), 20.0 
(major) min, (80% ee). 
[]23D = +175.9 (c 0.77, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 8.50 (s, 1H), 7.56-7.52 (m, 2H), 7.50-7.46 (m, 2H), 7.43-7.39 (m, 2H), 7.33 (tt, J = 7.4, 1.4 Hz, 1H), 
7.25-7.22 (m, 2H), 6.84-6.82 (m, 1H), 6.30-6.28 (m, 1H), 6.27-6.25 (m, 1H), 3.60 (d, J = 15.1 Hz, 1H), 3.50 (d, J = 15.1 Hz, 1H), 3.25 
(ddd, J = 14.8, 10.3, 5.8 Hz, 1H), 3.07 (ddd, J = 14.8, 6.2, 3.1 Hz, 1H), 2.89 (ddd, J = 15.1, 11.0, 5.5 Hz, 1H), 2.74 (ddd, J = 15.1, 4.9, 
3.4 Hz, 1H), 2.10-2.03 (m, 1H), 2.01-1.93 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 144.3, 140.41, 140.37, 131.9, 128.8, 127.5, 127.4, 127.1, 127.0, 117.8, 110.0, 108.1, 58.5, 50.0, 34.0, 
31.6, 29.2 
IR (ATR): 3419 (br, s), 3056 (m), 3028 (m), 2952 (m), 2915 (s), 2851 (w), 1599 (w), 1554 (w), 1484 (s), 1447 (w), 1410 (s), 1308 (m), 
1270 (m), 1119 (m), 1090 (m), 1043 (m), 1026 (w), 1007 (m), 988 (w), 901 (w), 842 (m) cm-1 
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HRMS (ESI) Calcd for C21H21NNaS2 ([M + Na]
+) 374.1008, Found 374.1008. 
Configuration Assignment: The absolute configuration was assigned as (R) by analogy. 
 
Compound 4e: following standard procedure, 4e was obtained in 86% yield as colorless oil. 
Rf = 0.50 (n-Hexane/EtOAc = 4/1).  
HPLC analysis Chiralcel OD-3 (n-Hexane/IPA = 95/5, 1.0 mL/min, 254 nm, 30 °C) 8.3 (major), 9.0 (minor) min, 
(79% ee). 
[]22D = +110.6 (c 0.56 , CHCl3). 
1H NMR (600 MHz, CDCl3) δ 8.64 (s, 1H), 7.26-7.22 (m, 1H), 7.03 (ddd, J = 12.3, 8.4, 1.2 Hz, 1H), 6.99 (td, J = 7.8, 1.2 Hz, 1H), 
6.85-6.83 (m, 1H), 6.79 (td, J = 7.8, 1.8 Hz, 1H), 6.25-6.23 (m, 1H), 6.19-6.17 (m, 1H), 3.80 (d, J = 15.0 Hz, 1H), 3.62 (d, J = 15.0 Hz, 
1H), 3.22 (ddd, J = 15.0, 10.2, 5.4 Hz, 1H), 3.06 (ddd, J = 15.0, 6.0, 3.0 Hz, 1H), 2.92 (dddd, J = 15.0, 10.2, 5.4, 1.2 Hz, 1H), 2.74 (dt, 
J = 15.0, 4.2 Hz, 1H), 2.12-2.05 (m, 1H), 2.00-1.91 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 160.4 (d, J = 250.0 Hz), 131.44 131.35 (d, J = 11.6 Hz), 129.9 (d, J = 4.3 Hz), 129.7 (d, J = 8.7 Hz), 
124.2 (d, J = 2.9 Hz),117.8, 116.7 (d, J = 23.1 Hz), 109.4, 108.4, 57.3 (d, J = 5.8 Hz), 46.2 (d, J = 4.3 Hz), 33.9, 31.7, 29.3 
IR (ATR): 3422 (br, m), 3100 (w), 3077 (w), 2953 (w), 2916 (m), 2848 (w), 1607 (w), 1574 (w), 1550 (w), 1482 (s), 1452 (m), 1442 
(m), 1412 (m), 1294 (m), 1218 (m), 1120 (w), 1086 (m), 1043 (w), 1024 (w), 889 (w), 813 (m) cm-1 
HRMS (ESI) Calcd for C15H16FNNaS2 ([M + Na]
+) 316.0600, Found 316.0600. 
Configuration Assignment: The absolute configuration was assigned as (R) by analogy. 
 
Compound 4f: following standard procedure, purified by flash column chromatography on silica gel 
(Merck 40-63 m, n-Hexane/CH2Cl2 = 2/1 to 1/1), 4f was obtained in 91% yield as white solid. 
Rf = 0.20 (n-Hexane/CH2Cl2 = 1/1). 
HPLC analysis Chiralcel OD-3 (n-Hexane/IPA = 90/10, 1.0 mL/min, 254 nm, 30 °C) 9.2 (major), 11.2 
(minor) min, (82% ee). 
[]22D = +168.7 (c 0.77, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 8.45 (s, 1H), 6.80-6.78 (m, 1H), 6.35 (d, J = 2.4 Hz, 2H), 6.32 (t, J = 2.4 Hz, 1H), 6.27-6.25 (m, 1H), 
6.22-6.20 (m, 1H), 3.71 (s, 6H), 3.56 (d, J = 15.6 Hz, 1H), 3.45 (d, J = 15.6 Hz, 1H), 3.21 (ddd, J = 15.0, 10.2, 5.4 Hz, 1H), 3.04 (ddd, 
J = 15.0, 6.0, 3.6 Hz, 1H), 2.85 (ddd, J = 15.0, 11.4, 6.0 Hz, 1H), 2.71 (ddd, J = 15.0, 4.8, 3.6 Hz, 1H), 2.08-2.00 (m, 1H), 1.98-1.90 
(m, 1H) 
13C NMR (150 MHz, CDCl3) δ 160.6, 147.8, 131.7, 117.7, 110.0, 108.1, 105.6, 99.1, 58.9, 55.3, 49.9, 33.9, 31.6, 29.2 
IR (ATR): 3404 (br, m), 3100 (w), 2999 (w), 2954 (m), 2916 (m), 2835 (m), 1592 (s), 1554 (w), 1456 (m), 1423 (m), 1339 (m), 1308 
(m), 1290 (m), 1204 (s), 1157 (s), 1120 (w), 1092 (w), 1068 (m), 988 (w), 925 (w), 900 (w), 844 (w) cm-1 
HRMS (ESI) Calcd for C17H21NNaO2S2 ([M + Na]
+) 358.0906, Found 358.0906. 
Configuration Assignment: The absolute configuration was assigned as (R) by X-ray crystallographic analysis. 
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Compound 4g: following standard procedure, 4g was obtained in 91% yield as white solid. 
Rf = 0.50 (n-Hexane/EtOAc = 4/1). 
HPLC analysis Chiralpak AD-3 (n-Hexane/IPA = 90/10, 1.0 mL/min, 254 nm, 30 °C) 9.5 (minor), 23.8 
(major) min, (79% ee). 
[]21D = +168.2 (c 0.80, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 8.46 (s, 1H), 7.80-7.71 (m, 3H), 7.57 (d, J = 1.8 Hz, 1H), 7.46-7.42 (m, 2H), 7.41 (dd, J = 8.6, 2.1 Hz, 
1H), 6.83-6.80 (m, 1H), 6.33-6.30 (m, 1H), 6.28-6.25 (m, 1H), 3.63 (d, J = 15.1 Hz, 1H), 3.58 (d, J = 15.1 Hz, 1H), 3.26 (ddd, J = 
14.8, 10.0, 5.8 Hz, 1H), 3.09 (ddd, J = 14.8, 5.8, 3.4 Hz, 1H), 2.90 (ddd, J = 15.1, 10.7, 5.2 Hz, 1H), 2.74 (dt, J = 15.2, 4.4 Hz, 1H), 
2.10-2.03 (m, 1H), 2.02-1.94 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 142.4, 133.0, 132.5, 132.1, 128.3, 128.1, 127.4, 126.3, 126.2, 126.1, 125.3, 117.9, 109.9, 108.1, 58.8, 
49.8, 34.0, 31.6, 29.2 
IR (ATR): 3421 (br, s), 3101 (w), 3055 (m), 2952 (m), 2916 (s), 2849 (m), 1631 (w), 1597 (m), 1553 (w), 1505 (m), 1462 (w), 1411 
(m), 1349 (w), 1308 (m), 1271 (m), 1247 (w), 1203 (w), 1163 (w), 1120 (m), 1089 (m), 1043 (w), 1026 (w), 897 (w), 859 (w), 847 (m), 
812 (m) cm-1 
HRMS (ESI) Calcd for C19H19NNaS2 ([M + Na]
+) 348.0851, Found 348.0851. 
Configuration Assignment: The absolute configuration was assigned as (R) by analogy. 
 
Compound 4h: following standard procedure, purified by flash column chromatography on silica gel (Merck 
40-63 m, n-Hexane/EtOAc = 75/1 to 50/1), 4h was obtained in 70% yield as colorless oil. 
Rf = 0.60 (n-Hexane/EtOAc = 4/1). 
HPLC analysis Chiralpak AD-3 (n-Hexane/IPA = 95/5, 1.0 mL/min, 254 nm, 30 °C) 5.9 (minor), 6.6 (major) min, 
(74% ee). 
[]22D = +58.9 (c 0.84, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 8.59 (s, 1H), 6.76-6.74 (m, 1H), 6.17-6.15 (m, 1H), 6.05-6.03 (m, 1H), 3.40 (d, J = 14.8 Hz, 1H), 
3.08-3.03 (m, 2H), 2.91 (ddd, J = 14.8, 5.5, 4.5 Hz, 1H), 2.73-2.69 (m, 2H), 2.02-1.90 (m, 2H), 1.84-1.72 (m, 2H), 1.26-1.13 (m, 2H), 
0.82 (t, J = 7.2 Hz, 3H) 
13C NMR (150 MHz, CDCl3) δ 133.2, 117.0, 108.1, 107.4, 54.5, 47.3, 45.6, 33.9, 31.6, 27.7, 18.2, 14.2 
IR (ATR): 3392 (br, s), 3100 (w), 2956 (s), 2917 (s), 2871 (m), 1551 (w), 1466 (m), 1412 (m), 1306 (w), 1273 (w), 1108 (m), 1090 (m), 
1038 (m), 984 (w), 903 (w), 881 (w), 845 (w) cm-1. 
HRMS (ESI) Calcd for C12H19NNaS2 ([M + Na]
+) 264.0851, Found 264.0851. 
Configuration Assignment: The absolute configuration was assigned as (R) by analogy. 
 
Compound 4i: following standard procedure, purified by flash column chromatography on silica gel (Merck 
40-63 m, n-Hexane/CH2Cl2 = 3/1 to 2/1), 4i was obtained in 85% yield as colorless oil. 
Rf = 0.30 (n-Hexane/EtOAc = 10/1). 
HPLC analysis Chiralpak IA-3 (n-Hexane/IPA = 95/5, 1.0 mL/min, 254 nm, 30 °C) 5.6 (minor), 8.7 (major) 
min, (90% ee). 
[]20D = +228.2 (c 0.55, CHCl3). 
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1H NMR (600 MHz, CDCl3) δ 8.40 (s, 1H), 7.28-7.23 (m, 2H), 7.23-7.19 (m, 1H), 7.17-7.12 (m, 2H), 6.82-6.78 (m, 1H), 6.30-6.26 (m, 
1H), 6.25-6.22 (m, 1H), 3.50 (d, J = 15.0 Hz, 1H), 3.42 (d, J = 15.0 Hz, 1H), 3.03 (d, J = 14.4 Hz, 1H), 2.69 (d, J = 15.1 Hz, 1H), 2.63 
(d, J = 14.4 Hz, 1H), 2.24 (d, J = 15.1 Hz, 1H), 1.05 (s, 3H), 0.91 (s, 3H) 
13C NMR (150 MHz, CDCl3) δ 145.4, 131.8, 128.4, 127.5, 127.1, 117.7, 110.2, 108.0, 58.2, 49.4, 46.7, 41.8, 39.4, 27.4, 27.3 
IR (ATR): 3418 (br, m), 3101 (w), 3083 (w), 3059 (w), 3028 (w), 2954 (s), 2924 (m), 2904 (m), 2868 (m), 2799 (vw), 1596 (w), 1553 
(w), 1492 (m), 1459 (m), 1445 (m), 1405 (m), 1379 (w), 1361 (m), 1316 (vw), 1288 (w), 1263 (w), 1244 (w), 1228 (w), 1202 (w), 
1185 (w), 1145 (w), 1119 (m), 1090 (m), 1043 (w), 1025 (w), 980 (vw), 911 (w), 888 (w), 878 (w), 857 (w) cm-1 
HRMS (ESI) Calcd for C17H21NNaS2 ([M + Na]
+) 326.1008, Found 326.1008. 
Configuration Assignment: The absolute configuration was assigned as (R) by analogy 
 
Compound 4j: following standard procedure, purified by flash column chromatography on silica gel 
(Merck 40-63 m, n-Hexane/CH2Cl2 = 3/1 to 2/1), 4j was obtained in 88% yield as white solid. 
Rf = 0.30 (n-Hexane/EtOAc = 10/1). 
HPLC analysis Chiralpak IA-3 (n-Hexane/IPA = 90/10, 1.0 mL/min, 254 nm, 30 °C) 7.0 (minor), 10.0 
(major) min, (94% ee). 
[]23D = +254.1 (c 0.89, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 8.39 (s, 1H), 7.29-7.25 (m, 2H), 7.22 (tt, J = 7.2, 1.8 Hz, 1H), 7.18-7.09 (m, 6H), 6.80-6.78 (m, 1H), 
6.32-6.30 (m, 1H), 6.26-6.24 (m, 1H), 3.57 (d, J = 14.8 Hz, 1H), 3.50 (d, J = 14.8 Hz, 1H), 3.31 (d, J = 14.4 Hz, 1H), 3.00-2.93 (m, 
3H), 2.90 (d, J = 16.2 Hz, 1H), 2.85 (d, J = 16.2 Hz, 1H), 2.72 (d, J = 16.2 Hz, 1H), 2.60 (dd, J = 15.1, 1.0 Hz, 1H) 
13C NMR (150 MHz, CDCl3) δ 145.2, 141.9, 141.8, 131.7, 128.4, 127.6, 127.1, 126.5, 126.4, 124.9, 124.8, 117.8, 110.3, 108.1, 58.9, 
52.5, 49.9, 45.3, 44.97, 44.95, 40.2 
IR (ATR): 3420 (br, s), 3061 (m), 3020 (m), 2906 (s), 2837 (m), 1596 (w), 1553 (w), 1492 (m), 1484 (m), 1475 (m), 1458 (m), 1445 (s), 
1433 (m), 1408 (s), 1301 (w), 1271 (m), 1256 (m), 1119 (m), 1090 (m), 1043 (m), 1024 (m), 914 (w), 888 (w), 878 (w), 861 (w) cm-1 
HRMS (ESI) Calcd for C23H23NNaS2 ([M + Na]
+) 400.1164, Found 400.1164. 
Configuration Assignment: The absolute configuration was assigned as (R) by analogy 
 
Compound 4k: following standard procedure, purified by flash column chromatography on silica gel 
(Merck 40-63 m, n-Hexane/CH2Cl2 = 3/1 to 1/1), 4k was obtained as white solid in 82% yield, >99:1 dr, 97% 
ee. 
Reaction condition B: following standard procedure, but adding pre-activated MS 4A (50.0 mg) at the 
beginning. 4k was obtained as white solid in 99% yield, >99:1 dr, 96% ee. 
Rf = 0.30 (n-Hexane/EtOAc = 10/1). 
HPLC analysis Chiralpak AD-3 (n-Hexane/IPA = 95/5, 1.0 mL/min, 254 nm, 30 °C) 9.2 (minor), 11.9 (major) min, (97% ee). 
[]21D = +205.0 (c 0.55, CHCl3). (96% ee) 
1H NMR (600 MHz, CDCl3) δ 8.39 (s, 1H), 7.27-7.24 (m, 4H), 7.22-7.15 (m, 4H), 7.09-7.06 (m, 2H), 6.82-6.80 (m, 1H), 6.32-6.29 (m, 
1H), 6.27-6.25 (m, 1H), 3.53 (d, J = 15.1 Hz, 1H), 3.46 (d, J = 15.1 Hz, 1H), 3.31 (dd, J = 15.1, 5.2 Hz, 1H), 2.84 (dd, J = 14.8, 2.7 
Hz, 1H), 2.65 (dd, J = 15.1, 4.8 Hz, 1H), 2.58 (dd, J = 15.1, 9.8 Hz, 1H), 2.52 (d, J = 7.6 Hz, 2H), 2.47-2.40 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 145.0, 139.9, 131.8, 129.1, 128.4, 127.5, 127.2, 126.1, 117.8, 109.9, 108.1, 58.6, 49.4, 43.9, 40.2, 38.2, 
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34.1 
COSY, NOESY, HMQC, HMBC were also tested to confirm its configuration (see NMR charts in the final part of SI) 
IR (ATR): 3419 (br, s), 3083 (m), 3060 (m), 3025 (m), 2911 (s), 1601 (m), 1553 (w), 1493 (s), 1454 (m), 1445 (s), 1413 (s), 1288 (w), 
1266 (m), 1184 (w), 1119 (m), 1090 (m), 1044 (m), 1031 (m), 911 (w), 887 (w), 878 (w), 842 (w) cm-1 
HRMS (ESI) Calcd for C22H23NNaS2 ([M + Na]
+) 388.1164, Found 388.1164. 
Configuration Assignment: The absolute configuration was assigned as (2R, 6S) by X-ray crystallographic analysis. 
 
Compound 4l: following standard procedure, 56% conversion of 2l. Purified by flash column 
chromatography on silica gel (Merck 40-63 m, n-Hexane/CH2Cl2 = 3/1 to 1/1), 4l was obtained as white 
solid in 51% yield, 99:1 dr, 79% ee. 
Reaction condition B: following standard procedure, but adding pre-activated MS 4A (50.0 mg) at the 
beginning. 4l was obtained as white solid in 99% yield, 99:1 dr, 78% ee. 
Rf = 0.30 (n-Hexane/EtOAc = 10/1). 
HPLC analysis Chiralpak AD-3 (n-Hexane/IPA = 95/5, 1.0 mL/min, 254 nm, 30 °C) 8.1 (minor), 10.7 (major) min, (79% ee). 
[]22D = +191.1 (c 0.48, CHCl3). (79% ee) 
1H NMR (600 MHz, CDCl3) δ 8.41 (s, 1H), 7.29-7.21 (m, 5H), 7.20-7.16 (m, 3H), 7.13-7.10(m, 2H), 6.78-6.76 (m, 1H), 6.28-6.26 (m, 
1H), 6.23-6.20 (m, 1H), 3.55 (d, J = 15.0 Hz, 1H), 3.45 (d, J = 15.0 Hz, 1H), 3.02-2.96 (m, 2H), 2.93 (dd, J = 15.0, 10.3 Hz, 1H), 2.71 
(dd, J = 13.5, 6.6 Hz, 1H), 2.65 (dd, J = 13.5, 8.4 Hz, 1H), 2.46 (d, J = 15.0 Hz, 1H), 2.36- 2.29 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 145.5, 139.9, 131.5, 129.0, 128.5, 128.4, 127.6, 127.0, 126.1, 117.8, 110.4, 108.0, 58.4, 50.0, 43.8, 40.4, 
39.0, 33.2 
COSY, NOESY, HMQC, HMBC were also tested to confirm its configuration (see NMR charts in the final part of SI) 
IR (ATR): 3419 (br, s), 3083 (w), 3060 (m), 3025 (m), 2911 (s), 2851 (m), 1768 (m), 1601 (m), 1553 (w), 1494 (s), 1454 (m), 1445 (s), 
1408 (s), 1287 (w), 1274 (w), 1257 (w), 1223 (w), 1119 (m), 1090 (m), 1043 (m), 1030 (m), 984 (w), 908 (w), 888 (w), 879 (w), 842 
(w), 828 (w) cm-1 
HRMS (ESI) Calcd for C22H23NNaS2 ([M + Na]
+) 388.1164, Found 388.1164. 
Configuration Assignment: The absolute configuration was assigned as (2R, 6R) by analogy. 
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4.2 Reaction of 2a, 2b, 2d, 2e, 2i, 2k and 2l, indole 3b as nucleophile. 
Standard procedure:  
 
To a dried test tube was added 2a (37.4 mg, 0.10 mmol) and indole 3b (17.6 mg, 0.15 mmol).  The atmosphere was replaced with 
argon, and then CH2Cl2 (1.0 mL) was added.  After cooling down to -40 °C, Cl-(R)-1a (4.7 mg, 0.005 mmol) was added under N2 
atmosphere and the reaction mixture was stirred for 6 h at the same temperature.  The reaction was quenched by adding about 0.1 mL 
of Et3N, then followed by filtration through a pad of Al2O3 (Merck Aluminium Oxide 90 standardized, EtOAc as eluent).  After 
concentration, the crude product was purified by flash column chromatography on silica gel (Merck 40-63 m, n-Hexane/EtOAc = 
20/1 to 10/1) to afford 5a (29.9 mg, 91%) as white solid.  Via chiral stationary phase HPLC analysis, the enantiomeric excess was 
determined to be 65%. 
 
Compound 5a: white solid. 
Rf = 0.30 (n-Hexane/EtOAc = 4/1). 
HPLC analysis Chiralpak IA-3 (n-Hexane/IPA = 80/20, 1.0 mL/min, 254 nm, 30 °C) 6.7 (major), 7.5 (minor) min, 
(65% ee). 
[]19D = +92.2 (c 0.53, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 8.03 (s, 1H), 7.57 (d, J = 8.6 Hz, 1H), 7.51-7.48 (m, 2H), 7.33 (d, J = 8.2 Hz, 1H), 
7.29-7.25 (m, 2H), 7.22 (tt, J = 7.2, 1.5 Hz, 1H), 7.19 (d, J = 2.4 Hz, 1H), 7.15 (ddd, J = 8.2, 7.2, 1.0 Hz, 1H), 6.97 (ddd, J = 8.2, 7.2, 
1.0 Hz, 1H), 3.69 (d, J = 15.0 Hz, 1H), 3.62 (d, J = 15.0 Hz, 1H), 3.26 (ddd, J = 14.8, 8.6, 5.8 Hz, 1H), 3.12 (dt, J = 14.8, 5.5 Hz, 1H), 
2.76 (ddd, J = 15.5, 8.6, 5.5 Hz, 1H), 2.68 (dt, J = 15.5, 5.5 Hz, 1H), 2.06-1.99 (m, 1H), 1.99-1.92 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 144.6, 136.8, 128.2, 128.0, 127.0, 125.7, 124.7, 122.4, 122.1, 119.3, 118.7, 111.0, 58.3, 50.5, 33.8, 31.8, 
28.7 
IR (ATR): 3412 (br, s), 3055 (m), 2952 (m), 2918 (s), 2851 (w), 1617 (w), 1596 (w), 1538 (w), 1489 (m), 1456 (s), 1444 (m), 1411 (s), 
1337 (m), 1301 (w), 1243 (m), 1132 (w), 1105 (m), 1034 (w), 1013 (m), 986 (w), 847 (w) cm-1 
HRMS (ESI) Calcd for C19H19NNaS2 ([M + Na]
+) 348.0851, Found 348.0851. 
Configuration Assignment: The absolute configuration was assigned as as (R) by analogy 
 
Compound 5b: 
Following standard procedure, 5b was obtained in 97% yield as white solid. 
Rf = 0.30 (n-Hexane/EtOAc = 4/1). 
HPLC analysis Chiralpak IB-3 (n-Hexane/IPA = 95/5, 1.0 mL/min, 254 nm, 30 °C) 14.2 (minor), 17.2 (major) 
min, (71% ee). 
[]18D = +96.2 (c 0.51, CHCl3). 
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1H NMR (600 MHz, CDCl3) δ 8.03 (s, 1H), 7.61 (d, J = 7.9 Hz, 1H), 7.37 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 7.9 Hz, 1H), 7.17 (d, J = 2.4 
Hz, 1H), 7.15 (ddd, J = 8.2, 7.2, 1.0 Hz, 1H), 7.07 (d, J = 7.9 Hz, 2H), 6.97 (ddd, J = 8.2, 7.2, 1.0 Hz, 1H), 3.68 (d, J = 15.1 Hz, 1H), 
3.61 (d, J = 15.1 Hz, 1H), 3.26 (ddd, J = 14.8, 8.4, 6.0 Hz, 1H), 3.11 (dt, J = 14.8, 5.5 Hz, 1H), 2.74 (ddd, J = 15.5, 8.4, 5.5 Hz, 1H), 
2.67 (dt, J = 15.5, 5.5 Hz, 1H), 2.30 (s, 3H), 2.05-1.98 (m, 1H), 1.98-1.91 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 141.6, 136.8, 136.6, 128.9, 127.9, 125.8, 124.7, 122.5, 122.1, 119.2, 118.8, 111.0, 58.0, 50.5, 33.8, 31.8, 
28.7, 20.9 
IR (ATR): 3414 (br, s), 3053 (w), 3023 (w), 2952 (w), 2918 (m), 2850 (w), 1618 (w), 1537 (w), 1507 (m), 1487 (w), 1456 (m), 1411 
(m), 1339 (w), 1301 (w), 1243 (w), 1190 (w), 1131 (w), 1105 (w), 1013 (w), 822 (w) cm-1 
HRMS (ESI) Calcd for C20H21NNaS2 ([M + Na]
+) 362.1008, Found 362.1007. 
Configuration Assignment: The absolute configuration was assigned as as (R) by analogy 
 
Compound 5d: Following standard procedure, 5d was obtained in 78% yield as white solid. 
Rf = 0.25 (n-Hexane/EtOAc = 4/1). 
HPLC analysis Chiralpak IA-3 (n-Hexane/IPA = 90/10, 1.0 mL/min, 254 nm, 30 °C) 19.8 (minor), 21.9 
(major) min, (72% ee). 
[]19D = +72.8 (c 0.62, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 8.04(s, 1H), 7.65(d, J = 8.1 Hz, 1H), 7.58-7.55 (m, 4H), 7.50 (dt, J = 8.8, 2.1 
Hz, 2H), 7.42-7.39 (m, 2H), 7.34 (dt, J = 8.1, 0.9 Hz, 1H), 7.31 (tt, J = 7.4, 1.4 Hz, 1H), 7.20 (d, J = 2.7 Hz, 1H), 7.16 (ddd, J = 8.2, 
6.9, 1.0 Hz, 1H), 6.99 (ddd, J = 8.2, 6.9, 1.0 Hz, 1H), 3.72 (d, J = 15.1 Hz, 1H), 3.66 (d, J = 15.1 Hz, 1H), 3.28 (ddd, J = 14.8, 8.2, 5.8 
Hz, 1H), 3.14 (dt, J = 14.8, 5.6 Hz, 1H), 2.78 (ddd, J = 15.4, 8.5, 5.4 Hz, 1H), 2.71 (dt, J = 15.4, 5.2 Hz, 1H), 2.07-1.94 (m, 2H) 
13C NMR (150 MHz, CDCl3) δ 143.6, 140.5, 139.7, 136.8, 128.7, 128.5, 127.2, 127.0, 126.8, 125.7, 124.7, 122.5, 122.2, 119.3, 118.7, 
111.1, 58.1, 50.4, 33.8, 31.9, 28.8 
IR (ATR): 3413 (br, s), 3055 (m), 3028 (m), 2953 (m), 2918 (s), 2815 (w), 1618 (w), 1599 (w), 1537 (w), 1517 (w), 1485 (s), 1456 (s), 
1411 (s), 1338 (m), 1302 (w), 1271 (w), 1243 (m), 1132 (w), 1105 (m), 1007 (m), 986 (w), 842 (m), 820 (w) cm-1 
HRMS (ESI) Calcd for C25H23NNaS2 ([M + Na]
+) 424.1164, Found 424.1164. 
Configuration Assignment: The absolute configuration was assigned as as (R) by analogy 
 
Compound 5e: 
Following standard procedure, 5e was obtained in 93% yield as white solid. 
Rf = 0.25 (n-Hexane/EtOAc = 4/1). 
HPLC analysis Chiralpak IA-3 (n-Hexane/IPA = 90/10, 1.0 mL/min, 254 nm, 30 °C) 14.3 (major), 18.5 (minor) 
min, (74% ee). 
[]20D = +74.3 (c 0.50, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 8.05(s, 1H), 7.78 (td, J = 8.2, 1.6 Hz, 1H), 7.47 (d, J = 7.9 Hz, 1H), 7.30 (d, J = 7.9 Hz, 1H), 7.27-7.22 
(m, 2H), 7.15-7.09 (m, 2H), 6.98-6.92 (m, 2H), 3.91 (d, J = 15.1 Hz, 1H), 3.78 (d, J = 15.1 Hz, 1H), 3.15 (ddd, J = 14.8, 8.6, 5.5 Hz, 
1H), 3.08 (dt, J = 14.8, 5.5 Hz, 1H), 2.83 (ddd, J = 15.5, 7.6, 4.8 Hz, 1H), 2.77 (ddd, J = 15.6, 6.8, 4.8 Hz, 1H), 2.13-2.06 (m, 1H), 
2.04-1.96 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 161.0 (d, J = 250.0 Hz), 136.6, 131.0 (d, J = 10.1 Hz), 130.5 (d, J = 2.9 Hz), 129.2 (d, J = 8.7 Hz), 
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125.5, 123.8 (d, J = 2.9 Hz), 123.4, 122.0, 121.4, 119.3, 118.1, 116.9 (d, J = 24.6 Hz), 111.1, 56.8 (d, J = 4.3 Hz), 48.2 (d, J = 4.3 Hz), 
34.1, 32.0, 28.6 
IR (ATR): 3410 (br, s), 3059 (w), 2918 (m), 2850 (w), 1608 (w), 1575 (w), 1538 (w), 1481 (m), 1456 (m), 1443 (m), 1414 (m), 1338 
(w), 1301 (w), 1268 (w), 1244 (m), 1216 (m), 1132 (w), 1105 (m), 1014 (w) cm-1 
HRMS (ESI) Calcd for C19H18FNNaS2 ([M + Na]
+) 366.0757, Found 366.0757. 
Configuration Assignment: The absolute configuration was assigned as as (R) by analogy 
 
Compound 5i: Following standard procedure, purified by flash column chromatography on silica gel 
(Merck 40-63 m, n-Hexane/CH2Cl2 = 3/1 to 1/1), 5i was obtained in 81% yield as white solid. 
Rf = 0.30 (n-Hexane/CH2Cl2 = 1/1). 
HPLC analysis Chiralpak IA-3 (n-Hexane/IPA = 95/5, 1.0 mL/min, 254 nm, 30 °C) 14.8 (major), 20.8 
(minor) min, (85% ee). 
[]19D = +173.3 (c 0.55, CHCl3). 
1H NMR (600 MHz, CDCl3, 45 ºC) δ 7.99 (s, 1H), 7.58 (d, J = 7.9 Hz, 1H), 7.48 (d, J = 7.6 Hz, 2H), 7.32 (d, J = 8.2 Hz, 1H), 
7.27-7.18 (m, 4H), 7.14 (t, J = 7.6 Hz, 1H), 6.95 (t, J = 7.6 Hz, 1H), 3.62 (d, J = 15.0 Hz, 1H), 3.56 (d, J = 15.0 Hz, 1H), 3.04 (d, J = 
14.4 Hz, 1H), 2.73 (d, J = 14.4 Hz, 1H), 2.49 (d, J = 15.1 Hz, 1H), 2.27 (d, J = 15.1 Hz, 1H), 1.00 (s, 3H), 0.92 (s, 3H) 
13C NMR (150 MHz, CDCl3, 45 ºC) δ 144.8, 136.9, 128.2, 128.1, 127.0, 125.9, 125.1, 122.6, 122.2, 119.3, 111.0, 57.7, 50.3, 46.5, 41.5, 
39.4, 27.6, 27.3 
IR (ATR): 3412 (br, s), 3056 (m), 2954 (s), 2905 (m), 2867 (m), 1617 (w), 1597 (w), 1537 (w), 1490 (m), 1456 (m), 1444 (w), 1407 
(m), 1378 (w), 1361 (m), 1332 (w), 1244 (m), 1104 (m), 1014 (w), 859 (w) cm-1. 
HRMS (ESI) Calcd for C21H23NNaS2 ([M + Na]
+) 376.1164, Found 376.1164. 
Configuration Assignment: The absolute configuration was assigned as as (R) by analogy 
 
Compound 5k: 
Reaction condition B: Following standard procedure, but adding pre-activated MS 4A (50.0 mg) at the 
beginning. Purified by flash column chromatography on silica gel (Merck 40-63 m, n-Hexane/EtOAc = 
15/1 to 10/1 finally 6/1), 5k was obtained as white solid in 95% yield, >99:1 dr, 95% ee. 
Rf = 0.25 (n-Hexane/EtOAc = 4/1). 
HPLC analysis: Condition 1: Chiralpak AD-3 (n-Hexane/IPA = 95/5, 1.0 mL/min, 254 nm, 40 °C). Under 
this condition, separation of 5k (41.8 min and 44.4 min) and 5l (35.1 min and 47.8 min) is good.  It was first used to confirm the 
diastereomeric ratio (>99:1).  However, separation of two enantiomers of 5k is not good enough, so condition 2 was then used to 
determine ee value. 
HPLC analysis: Condition 2: Chiralpak AD-3 (n-Hexane/IPA = 90/10, 1.0 mL/min, 254 nm, 30 °C) 21.2 (major), 23.4 (minor) min, 
(95% ee). 
[]25D = +105.0 (c 0.43, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 8.06 (s, 1H), 7.59 (d, J = 8.6 Hz, 1H), 7.52-7.48 (m, 2H), 7.36 (dt, J = 8.1, 1.0 Hz, 1H), 7.28-7.19 (m, 
6H), 7.18-7.14 (m, 2H), 7.07 (d, J = 6.9 Hz, 2H), 6.99 (ddd, J = 8.2, 6.9, 1.0 Hz, 1H), 3.68 (d, J = 15.1 Hz, 1H), 3.62 (d, J = 15.1 Hz, 
1H), 3.30 (dd, J = 14.8, 5.5 Hz, 1H), 2.89 (dd, J = 14.8, 5.2 Hz, 1H), 2.69 (dd, J = 15.5, 4.8 Hz, 1H), 2.54 (d, J = 7.2 Hz, 2H), 2.48 (dd, 
Chapter 3. Chiral Phosphoric Acid-Catalyzed Enantioselective Synthesis of 1,4-Dithiepanes from Ring-Expansion Reaction of 1,3-Dithiane 
Derivatives: Reaction and Mechanistic Insight 
88 
 
J = 15.5, 7.9 Hz, 1H), 2.44-2.37 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 144.3, 140.0, 136.8, 129.1, 128.4, 128.2, 127.0, 126.0, 125.7, 124.7, 122.4, 122.2, 119.3, 118.8, 111.1, 
58.0, 50.1, 44.0, 40.3, 38.0, 33.5 
COSY, NOESY, HMQC, HMBC were also tested to confirm its configuration (see NMR charts in the final part of SI) 
IR (ATR): 3419 (br, s), 3058 (m), 3026 (m), 2911 (m), 1602 (w), 1540 (w), 1490 (m), 1456 (m), 1444 (m), 1412 (m), 1339 (w), 1244 
(w), 1105 (w), 1014 (w) cm-1 
HRMS (FAB) Calcd for C26H26NS2 ([M + H]
+) 416.1507, Found 416.1504. 
Configuration Assignment: The absolute configuration was assigned as as (2R, 6S) by analogy. 
 
Compound 5l: Following standard procedure, but adding pre-activated MS 4A (50.0 mg) at the beginning. 
Purified by flash column chromatography on silica gel (Merck 40-63 m, n-Hexane/EtOAc = 15/1 to 10/1 
finally 6/1), 5l was obtained as white solid in 95% yield, 99:1 dr, 73% ee. 
Rf = 0.25 (n-Hexane/EtOAc = 4/1). 
HPLC analysis: Chiralpak AD-3 (n-Hexane/IPA = 95/5, 1.0 mL/min, 254 nm, 40 °C) 35.1 (major), 47.8 
(minor) min, (73% ee). 
[]25D = +126.7 (c 0.40, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 7.99 (s, 1H), 7.55 (d, J = 7.9 Hz, 1H), 7.49 (d, J = 7.6 Hz, 2H), 7.30 (d, J = 8.2 Hz, 1H), 7.27 (t, J = 7.7 
Hz, 2H), 7.24-7.19 (m, 4H), 7.15-7.10 (m, 2H), 7.08 (d, J = 7.6 Hz, 2H), 6.94 (t, J = 7.6 Hz, 1H), 3.65 (d, J = 14.8 Hz, 1H), 3.57 (d, J 
= 14.8 Hz, 1H), 3.05 (dd, J = 14.8, 5.8 Hz, 1H), 3.01 (dd, J = 14.8, 8.6 Hz, 1H), 2.82 (dd, J = 15.3, 5.0 Hz, 1H), 2.63 (dd, J = 13.7, 7.2 
Hz, 1H), 2.60 (dd, J = 13.7, 7.9 Hz, 1H), 2.39 (dd, J = 15.5, 4.1 Hz, 1H), 2.35-2.27 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 144.8, 140.0, 136.7, 129.0, 128.4, 128.2, 127.9, 127.1, 126.0, 125.7, 125.2, 122.5, 122.1, 119.2, 117.9, 
111.0, 57.9, 50.7, 44.0, 40.6, 38.5, 33.0 
COSY, NOESY, HMQC, HMBC were also tested to confirm its configuration (see NMR charts in the final part of SI) 
IR (ATR): 3418 (br, s), 3083 (w), 3058 (m), 3026 (m), 2913 (m), 1601 (w), 1538 (w), 1490 (m), 1456 (m), 1444 (m), 1410 (m), 1338 
(w), 1243 (w), 1132 (w), 1105 (w), 1075 (w), 1032 (w), 1013 (w) cm-1 
HRMS (FAB) Calcd for C26H26NS2 ([M + H]
+) 416.1507, Found 416.1513. 
Configuration Assignment: The absolute configuration was assigned as as (2R, 6R) by analogy. 
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4.3 Reaction of 2a, N-Me-pyrrole 3c as nucleophile. 
 
To a dried test tube was added pre-activated MS 4A (50.0 mg), 2a (37.1 mg, 0.10 mmol). The atmosphere was replaced with argon, 
and then CH2Cl2 (1.0 mL) and N-Me-pyrrole 3c (13.3 L, 0.15 mmol) were added.  After cooling down to -40 °C, Cl-(R)-1a (9.3 mg, 
0.01 mmol) was added under N2 atmosphere and the reaction mixture was stirred for 12 h at the same temperature.  The reaction was 
quenched by adding about 0.1 mL of Et3N, then followed by filtration through a pad of Al2O3 (Merck Aluminium Oxide 90 
standardized, EtOAc as eluent).  After concentration, the crude product was purified by flash column chromatography on silica gel 
(Merck 40-63 m, n-Hexane/CH2Cl2 = 3/1 to 2/1) to afford 4m (6.6 mg, 23%) as a colorless oil and 6a (14.7 mg, 71%) as a colorless 
oil.  Via chiral stationary phase HPLC analysis, the enantiomeric excess of 4m was determined to be 61%. 
 
Compound 4m:  
Rf = 0.15 (n-Hexane/CH2Cl2 = 3/1). 
HPLC analysis Chiralpak AD-3 (n-Hexane/IPA = 98/2, 1.0 mL/min, 254 nm, 30 °C) 4.6 (minor), 5.0 (major) min, 
(61% ee). 
[]19D = +196.0 (c 0.66, CHCl3). (61% ee) 
1H NMR (600 MHz, CDCl3) δ 7.30-7.26 (m, 2H), 7.25-7.21 (m, 3H), 6.61 (t, J = 2.4 Hz, 1H), 6.56 (dd, J = 3.8, 2.1 Hz, 1H), 6.13 (dd, 
J = 3.8, 2.7 Hz, 1H), 3.57 (d, J = 15.0 Hz, 1H), 3.29-3.19 (m, 5H), 2.97-2.88 (m, 2H), 2.74 (ddd, J = 15.5, 4.8, 3.0 Hz, 1H), 2.14-2.07 
(m, 1H), 2.03-1.96 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 145.2, 131.5, 128.6, 127.3, 126.9, 124.3, 112.3, 105.5, 58.0, 52.1, 36.2, 33.3, 32.0, 28.0 
IR (ATR): 3101 (w), 3081 (w), 3058 (w), 3026 (w), 2950 (m), 2917 (s), 2852 (m), 2804 (w), 1595 (w), 1483 (s), 1445 (s), 1409 (s), 
1308 (m), 1299 (s), 1273 (m), 1259 (s), 1181 (w), 1095 (s), 1065 (m), 1032 (s), 986 (w), 889 (w), 847 (w), 808 (m) cm-1 
HRMS (ESI) Calcd for C16H19NNaS2 ([M + Na]
+) 312.0851, Found 312.0851. 
Configuration Assignment: The absolute configuration was assigned as (R) by analogy. 
 
Compound 6a:  
Rf = 0.40 (n-Hexane/CH2Cl2 = 3/1). 
1H NMR (600 MHz, CDCl3) δ 7.49-7.46 (m, 2H), 7.31-7.24 (m, 3H), 6.11 (s, 1H), 3.62 (t, J = 6.0 Hz, 2H), 3.58 (t, J 
= 6.0 Hz, 2H), 2.22 (hept, J = 6.0 Hz, 2H) 
13C NMR (150 MHz, CDCl3) δ 141.3, 135.4, 128.2, 128.0, 127.3, 118.2, 32.5, 31.0, 30.5 
IR (ATR): 3076 (m), 3053 (m), 3026 (m), 2961 (m), 2924 (s), 2908 (s), 2851 (m), 1717 (w), 1675 (w), 1592 (m), 1576 (w), 1534 (s), 
1487 (s), 1442 (s), 1413 (s), 1300 (s), 1254 (w), 1217 (w), 1155 (w), 1077 (w), 1030 (w), 983 (w), 925 (w), 906 (m), 868 (w), 810 (w) 
cm-1 
HRMS (APCI) Calcd for C11H12S2 (M
+) 208.0375, Found 208.0375. 
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4.4 Reaction of 2a, N-Me-indole 3d as nucleophile. 
 
To a dried test tube was added pre-activated MS 4A (50.0 mg), 2a (37.1 mg, 0.10 mmol). The atmosphere was replaced with argon, 
and then CH2Cl2 (1.0 mL) and N-Me-indole 3d (18.7 L, 0.15 mmol) were added.  After cooling down to -40 °C, Cl-(R)-1a (4.6 mg, 
0.005 mmol) was added under N2 atmosphere and the reaction mixture was stirred for 6 h at the same temperature.  The reaction was 
quenched by adding about 0.1 mL of Et3N, then followed by filtration through a pad of Al2O3 (Merck Aluminium Oxide 90 
standardized, EtOAc as eluent).  After concentration, conversion of 2a was determined to be 91% by taking crude 1H-NMR in CDCl3 
solvent with CH2Br2 as internal standard. ?Then the crude product was purified by flash column chromatography on silica gel (Merck 
40-63 m, n-Hexane/Et2O = 30/1 to 20/1) to afford 5m (11.0 mg, 32%) as white solid and 6a (12.3 mg, 59%) as colorless oil.  Via 
chiral stationary phase HPLC analysis, the enantiomeric excess of 5m was determined to be 63%. 
 
Compound 5m: Rf = 0.20 (n-Hexane/EtOAc = 10/1). 
HPLC analysis Chiralpak IB-3 (n-Hexane/IPA = 98/2, 1.0 mL/min, 254 nm, 30 °C) 6.9 (minor), 7.6 (major) min, 
(63% ee). 
[]26D = +43.0 (c 0.32, CHCl3). 
1H NMR (600 MHz, CDCl3) δ 7.58 (d, J = 8.2 Hz, 1H), 7.52 (d, J = 7.2 Hz, 2H), 7.31-7.26 (m, 3H), 7.23 (t, J = 
7.5 Hz, 1H), 7.18 (t, J = 7.5 Hz, 1H), 6.98 (s, 1H), 6.97 (t, J = 7.5 Hz, 1H), 3.76 (s, 3H), 3.71 (d, J = 15.1 Hz, 
1H), 3.63 (d, J = 15.1 Hz, 1H), 3.25 (ddd, J = 14.8, 7.6, 5.8 Hz, 1H), 3.15 (dt, J = 14.8, 5.8 Hz, 1H), 2.78 (ddd, J = 15.4, 8.0, 5.6 Hz, 
1H), 2.70 (dt, J = 15.4, 5.6 Hz, 1H), 2.06-1.95 (m, 2H) 
13C NMR (150 MHz, CDCl3) δ 144.6, 137.6, 129.2, 128.2, 127.0, 126.2, 122.4, 121.7, 118.8, 117.3, 109.2, 58.4, 50.4, 33.9, 32.9, 31.9, 
28.8 
IR (ATR): 3053 (m), 2917 (s), 2851 (w), 1613 (w), 1538 (m), 1486 (m), 1465 (m), 1444 (m), 1411 (m), 1373 (m), 1327 (m), 1305 (w), 
1247 (m), 1157 (w), 1133 (w), 1073 (w), 1016 (w) cm-1 
HRMS (FAB) Calcd for C20H22NS2 ([M + H]
+) 340.1194, Found 340.1193. 
Configuration Assignment: The absolute configuration was assigned as as (R) by analogy 
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4.5 Reaction of 2k, 2l without nucleophile. 
 
To a dried test tube was added pre-activated MS 4A (50.0 mg), 2k (46.1 mg, 0.10 mmol). The atmosphere was replaced with argon, 
and then CH2Cl2 (1.0 mL) was added.  After cooling down to -40 °C, Cl-(R)-1a (9.3 mg, 0.01 mmol) was added under N2 atmosphere 
and the reaction mixture was stirred for 12 h at the same temperature.  The reaction was quenched by adding about 0.1 mL of Et3N, 
then followed by filtration through a pad of Al2O3 (Merck Aluminium Oxide 90 standardized, EtOAc as eluent).  After concentration, 
the crude product was purified by flash column chromatography on silica gel (Merck 40-63 m, n-Hexane/CH2Cl2 = 3/1 to 2/1) to 
afford (S)-6b (28.6 mg, 96%) as a colorless oil. Via chiral stationary phase HPLC analysis, the enantiomeric excess of (S)-6b was 
determined to be 96%. 
Compound (S)-6b: 
Rf = 0.50 (n-Hexane/EtOAc = 10/1). 
HPLC analysis Chiralcel OD-3 (n-Hexane/IPA = 98/2, 0.5 mL/min, 254 nm, 30 °C) 17.8 (major), 19.3 (minor) 
min, (96% ee). 
[]18D = -20.3 (c 0.53, CHCl3). (96% ee) 
1H NMR (600 MHz, CDCl3) δ 7.49-7.46 (m, 2H), 7.32-7.25 (m, 5H), 7.22 (tt, J = 7.4, 1.5 Hz, 1H), 7.17-7.14 (m, 2H), 6.08 (s, 1H), 
3.59 (dd, J = 14.8, 4.8 Hz, 1H), 3.52 (dd, J = 14.6, 4.6 Hz, 1H), 3.32-3.25 (m, 2H), 2.75 (d, J = 7.6 Hz, 2H), 2.56-2.49 (m, 1H) 
13C NMR (150 MHz, CDCl3) δ 141.2, 139.4, 134.3, 129.1, 128.6, 128.2, 128.0, 127.3, 126.4, 117.1, 40.8, 40.6, 36.6, 35.1 
IR (ATR): 3077 (m), 3059 (m), 3024 (s), 3002 (m), 2917 (s), 2849 (m), 1949 (vw), 1882 (vw), 1806 (vw), 1602 (m), 1592 (m), 1576 
(w), 1534 (m), 1496 (m), 1487 (s), 1453 (m), 1442 (s), 1411 (s), 1339 (w), 1297 (w), 1284 (w), 1266 (w), 1215 (w), 1200 (w), 1179 
(w), 1156 (w), 1074 (m), 1030 (m), 926 (m), 907 (m), 884 (w), 845 (w), 812 (w) cm-1 
HRMS (ESI) Calcd for C18H18NaS2 ([M + Na]
+) 321.0742, Found 321.0742. 
Configuration Assignment: The absolute configuration was assigned as (S) by was determined by analogy. 
 
Compound (R)-6b: following same procedure, using 2l as substrate, (R)-6b was obtained in 96% yield as 
colorless oil. 
HPLC analysis Chiralcel OD-3 (n-Hexane/IPA = 98/2, 0.5 mL/min, 254 nm, 30 °C) 17.8 (minor), 19.3 (major) 
min, (79% ee). 
 []19D = +16.1 (c 0.56, CHCl3). (79% ee) 
Configuration Assignment: The absolute configuration was assigned as (R) by was determined by analogy. 
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5. Determination of absolute configuration by X-ray crystallographic analysis. 
Preparation of X-ray Grade Single Crystal of 4f: 4f (82% ee) was recrystallized in about 1:1 mixture of pentane/Et2O by 
evaporation at room temperature naturally. The ee value of crystal decreased to 63%, while mother liquid increased to >99% ee. 
Collecting mother liquid and removing solvent, white solid was obtained. The white solid was dissolve in about 1:1 mixture of 
Hexane/EtOAc. Via slow evaporation at room temperature, colorless plate shaped crystal was obtained for X-ray crystallographic 
analysis. 
The absolute configuration 4f was determined by X-ray crystallographic analysis, as shown in the following Figure.  The absolute 
configuration was determined to be the (R)-form by refinement of Flack Parameter (absolute structure parameter).  CCDC 1437351 
contains the supplementary crystallographic data.  The data can be obtained free of charge from The Cambridge Crystallographic 
Data Center via www.ccdc.cam.ac.uk/data_request/cif. 
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Preparation of X-ray Grade Single Crystal of 4k: 4k (97% ee) was dissolved in about 1:1 mixture of pentane/CH2Cl2, by using 
vapor diffusion method with pure pentane at room temperature, colorless rod shaped crystal was obtained for X-ray crystallographic 
analysis. 
The absolute configuration 4k was determined by X-ray crystallographic analysis, as shown in the following Figure. The absolute 
configuration was determined to be the (2R, 6S)-form by refinement of Flack Parameter (absolute structure parameter).  CCDC 
1437411 contains the supplementary crystallographic data.  The data can be obtained free of charge from The Cambridge 
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif. 
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6. Some initial optimization of reaction condition. 
Table SI. Screeing of catalyst and solvent with indole as nucleophile. 
 
 
Table S2. Screeing of solvent with pyrrole as nucleophile. 
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7. DFT calculation: Cartesian coordinates of 
intermediates and transition states. 
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Chapter 4. Conclusion 
 
In this research, we aimed at development of new enantioselective reactions based on chiral 
phosphate anion acting as stereocontrolling element and studying the reaction mechanism as well. 
In Chapter 1, the development of chiral phosphoric acid catalyst and the application of chiral 
phosphate anion in organocatalysis and transition metal catalysis as chiral counteranion were 
briefly introduced. 
In Chapter 2, an efficient consecutive transformation of ortho-alkynylaryl ketones catalyzed by 
chiral silver phosphate through cyclization/enantioselective reduction sequence was successfully 
developed (Scheme 1).  1H-isochromene derivatives were obtained in high yield with good to 
excellent enantioselectivity.  Mechanistic study strongly suggests that isobenzopyrylium cation 
involves as the key intermediate.  The synthetic utility of the present method was demonstrated 
by application to asymmetric synthesis of 9-oxabicyclo[3.3.1]nona-2,6-diene framework which 
was found in some bioactive molecules. 
 
Scheme 1. Enantioselective consecutive transformation involving isobenzopyrylium 
intermediate. 
In Chapter 3, a novel enantioselective synthesis of 1,4-dithiepane derivatives from ring 
expansion of 1,3-dithiane derivatives catalyzed by chiral phosphoric acid was developed (Scheme 
2).  When pyrrole and indole were applied as nucleophiles, corresponding products were 
obtained in high yield with moderate to excellent enantioselectivity.  Mechanistic study proved 
that this novel reaction proceeds via an unexpected and unprecedented enantioselective 1,2-sulfur 
rearrangement/stereospecific nucleophilic addition sequence.  The fixed contact ion-pair of 
thionium and phosphate is the key for stereospecific addition.  The mechanism is completely 
different from conventional mechanistic expectation that 1,2-sulfur rearrangement is followed by a 
subsequent enantioselective nucleophilic addition under the influence of chiral phosphate anion.  
In addition, we found that the nucleophile interact with phosphoric acid catalyst from the 
beginning instead of after the generation of reactive intermediate. 
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Scheme 2. Enantioselective consecutive transformation involving thionium intermediate. 
In this doctoral thesis, chiral phosphate anion was the key stereocontrolling element in the two 
reaction systems above.  Via formation of ion-pair with cations, chiral phosphate not only can 
influence its enantioselectivity, but also can keep the chiral information and enable stereospecific 
reaction.  The former controlling pattern has already been demonstrated as a powerful strategy 
from several years ago.  However the latter one is unprecedented.  Further development by 
using chiral phosphate to control the enantioselectivity of other challenging cations will be still of 
interest.  We also hope the discovery of the new stereospecific controlling pattern via formation 
of fixed contact ion-pair will inspire the emergence of more interesting and exciting chemistry. 
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